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PREFACE. 
In spite of many studies of the mechanisms of 
aquation and base hydrolysis reactions of cobalt (III) 
amine complexes there is still controversy. The work 
in this thesis is aimed at clarifying so me of the 
problems and ambiguities which have arisen. 
Part I of the thesis is mainly concerned with the 
study of induced aquation reactions of complexes of 
the types [co (NH
3
) 
5
x] 2 +, [coen2NH3x]
2
+, and [coen2 XY J+ 
where intermediates of reduced coordination number 
supposedly are produced. These intermediates are 
generated by treating the complexes where X and/or Y 
are chloride, bromide or iodide with mercuric ion or 
where X and/or Y are carbamate or azide with nitrous 
acid. Studies of competition by other species in 
aqueous solution and of the stereochemistry of the 
reactions are used to characterize the intermediates. 
Also the nature of the intermediates is discussed. 
The results from the induc e d aquation reaction studies 
are shown not t0 agree with results obtained under 
similar conditions for the spontaneous aquation 
reactions, thus implying that the same intermediates 
are not formed in the two types of reactions. 
Part II of the the s is i s concerned with the mechanism 
of base hydrolysis of cobalt(III) amine complexe s o It is 
shown that when base hydrolysis of complexes of the types 
[co(NH3 ) 5x]
2
+ and [Coen2NH3x ]
2
+ (where Xis c hloride , 
bromide, iodide or nitrate) takes place in the presence 
of added anions some products are obtained with the 
competing ion incorporated . This resul t c ombined with 
the fact that constant c ompetition rat io s and c onstant 
stereochemistry are observed for different complexes 
under identical conditions is us e d to support a 
mechanism which involves a common five-coordinate 
intermediate for each type of complex. The nature of 
the intermediates is discussed in the last chapter of 
the thesis. 
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Part I. 
Mechanism of Aguation Reactions 
in Cobalt(IIIl Amine Complexes. 
Chapter 1. 
Introduc tion to Part I. 
• 
One of the most extensively studied reactions of 
cobalt(III) complexes is probably the replacement of 
one or more substituents by water, the acid hydrolysis 
or aquation reaction. The reaction is illustrated by 
the following equat ion: 
Kinetic studies show that the reaction in aqueous 
solution is first order in the [H+] range 1 - 10-J M, 
but no definitive evidence in support of particular 
mechanisms for the reactions has so far been obtained . 1 
Clearly the dependence of rate on solvent concentration 
cannot be measured . 
1 
Most of the effort employed to elucidate the 
mechanism of substitution reactions of Co(III) complexes 
has been concerned with attempts to classify them either 
as SNl where bond - breaking is important and lea ds 
to a five-coordinate intermediate: 
[Co ( NH ) ] J + + X ( n - J ) + 
3 5 
or as SN2 where bond - making is the importa:µt a c t 
between substrate and reactant leading to a seven-
coordinate transition state: 
[c o(Nn3 ) 5x]n+ + n 2 o 
[H O••Co(NH) 0 ·x]n+ 
[H 0•°Co(NH) 00 X]n+ 
2 J · 5 
2 3 5 [co(Nn3 ) 5on2 ]
3+ + x = 
The best evidence for either mechanism would no doubt 
be the detection of a five- or seven-coordinate 
intermediate 9 but because of the strong tendency of 
cobalt(III) to be six- coordinate any intermediate 
with higher or lower coordination number must be 
expe c ted to be extremely reactive and therefore 
difficult to detect by physical methods o Most of the 
attempts to determine the mechanism of the aquation 
have therefore been conc erned with indirec t methods . 
2 
J 
2 One of thes e me thods h a s b e en t h e study of the 
dependence of the aqua tion rates on the natu re of the 
non-labile ligand Lin c ompl e xes o f the type [Coen 2LX]n + 
(where en is ethylenedi a min e and L a nd X a s erie s of 
substituents such a s Cl, Br , NCS , NJ , OH , H2 0 ~ N0 2 , e tc.) ~ 
TABLE I.l. 
Rates of aquation of [Coen2LC1]n+ a t 2 5 ° 0 
-~ 
L k X 107 (sec - 1 ) L - k X 107 (sec-1 ) 
- --·-
cis 
--
OH lJ0 , 000 trans OH 1 4,000 
- NJ 2,400 - NJ 2 , 500 
-
Cl 1,250 
-
Cl 160 
-
NCS 114 
-
NCS 0 .5 
- NHJ .- 5 - NHJ 4 
-
H2 0 I"\]_ 50 - N02 9, 800 
-
NO 1 , 1 2 0 
2 
When the lo g of the rate c onstants i n Table Iol . a re 
plotted against the nature of the ligand L arranged 
from the most electron donating on the left to the 
most electron wi thdra wi ng on t he right 9 two .urve s 
are obtained whi c h i ntersect at a rate mi n imumo The 
falling and r ising c urves have been i nt erpreted a s 
indicating d ifferent me c han~sms . An SNl mechanism 
4 
was proposed for complexes c ontaining ligands Lon the 
falling curve starting with OH , where electron release 
can stabilise a five -c oordinate intermediate through 
double-bonding . On the rising c urve the elect ron 
releasing power bec omes significant making nuc leo -
di'//i l u { t. 
philic attack by water ~Ate :·. However , a series of 
later studies 3-5of the role for the entering group in 
aquation and solvolys i s reactions as well as anation 
reactions in nonaqueous , c oordinating so lvents have 
failed to give any suppor t for such a dual mechani sm . 
For example t he rates of solvolysis of the complexes 
trans -[Coen2No 2Br ]+ a nd trans -[Coen2No 2c1]+ in water~ 
dimethyl sulphoxide and dimethy lformami d e were form.d 
to change in the same way as t he solvolysis rate of 
trans- [C oen2c1 2 ]+ as the solvent changed. The results 
that arose from solvent c hange were found to be 
indifferent to the presence of a n electron donating 
or an ele c tron wi thdrawing nonlabile subs t ituent i n 
the complex and were interpreted as ev:idenc e for a 
single me chan1 sm o It was argued th tan SN2 a nd SNl 
pro cess should be responsive to different properties 
of the solvent with nu c leophili.c attac k vary ing 
pro_port1onately to solvent nucleophilici. t y o 
such an effect was not observedo 
However ~ 
The influence on rates of aquation of large 
changes in the nature of the reacting complexes has 
been used in attempts to elucidate the mechanism ~ 
For example, the r ate has been found to be sensitive 
to the over-all charge of the complex o The cha rge 
effect for some analogous or related pentaaminechloro 
and tetraaminedichloro complexes causes a difference 
of 102 to 103 in the a quation r ate s with the rate of 
substitution decreas ing as the c harge in rea ses o The 
replacement of the fi.rst c hloride ion in the 
tetraami.nedi c hloro omplex c ompared to tha t of the 
se c ond one is also about the same order of magn.i tude . 
These effects were interpreted as indicating t h a t 
bond-breaking is more important than bond- making; 
5 
the separati on of a negative charge becomes more 
difficult the greater the positive charge of the complexo 
Studies of steric effects in reactions of t he 
series of c omplexes tra ns - [Co(AA) 2c12 ]+ (where (AA) is 
a chelating diamine ligand) have shown that in reased 
C-alkyl substitution and ring enlargement lea d to 
increased aqua tion rates . 7 Such an effect would be 
6 
expected to be observed if an SNl mechanism is o ccurring 
in which the coordination number decreas e s to fi v e, 
thereby relieving the steri c strain . Increa sing the 
crowding about the cobalt atom would be expected to 
reduce the rate of an SN2 pro cess if no other effects 
are important . However ? it is also conceivable that 
the sterically crowded ions react by an SNl path 
whereas those lacking this effect require some bond-
making by solvent . 
Increased c helation suc h as replacing two NHJ 
groups by one ethylenedia.mine and the extension to 
multidenta.te systems has been c l aimed to give smaller 
aquation ratese 6 This effect has been used as an argument 
against SN2 trans attack ~ 
the following explanat ion: 
Ba.solo and Pearson 1 have given 
"As the c hlori de i on is lost 
from _the original complex 7 an additional salvat i on by 
the water molecules making up the secondary coordination 
sphere is needed. That is, a trivalent ca tion is more 
intensely solvat ed than a divalent c ation o From the 
Born equation it can be seen that the salvati on energy 
is also greater the smaller the size of the i on o One 
effect of replacing NH mole c ules by polyami.nes i .s 
.3 
certainly to increase the siz e of the complex o The 
larger the ion 9 the less its salvation energy wi ll be 
and the less easily it can be formedo These arguments 
will also hold for a transition state i n whic h the 
chloride ion is only partly lost o Thus the rate i s 
slowed down by c helat i on because of reduced stability 
of the transition stat e due to less efficient 
solvation "o 
The observed effects on the aquation rates of 
charge, steric changes and chelation, however , may be 
somewhat overestimated as other effects are not always 
taken into c onsideration, suc h as salvation , the n a ture 
7 
of different ligands and the fact that different i somers 
of a complex may have quite different aquati.on rates . 
In the above studies usually only one i somer of ea.c h 
complex has been ons i dered with little informati on 
about its configurationo The incorporation of the 
rates observed for o t her isomers mi ght very well c hange 
the pictureo 
8 
Another kinetic ef"fect which may have some bearing 
on the mechanism is the occurrenc e 8o f a n a lmost perfe c t 
linear relationship between log k (k = aquation rate 
constant at 25°) and log K (K = aquation equilibrium 
constant at 25°) for [co(NH
3
) 5x]
2
+ + H2o 
[co(NH3 )5oH2 ]
3+ + X- . Furthermore the slope of the 
line, S, was found to be 1.0 , The observation of 
this linear free - energy relationship has led to further 
discussion of the role of the leaving group o It has 
been argued9that a linear free-energy relati on be t ween 
rate and equilibrium implies a transition s tate resembling 
the reactants when S 1.JO and a transition state resembling 
the products when S 'v l o Using this theory on the obs erved 
relationship for the aquation reactions of [c o(NH3 ) 5x]
2
+ 
has led to the suggestion8 that the role of the X group 
in the transition state is similar to its role in. the 
produc t, that of a solvated an~on. At most there are 
weak bonds to both the entering and leaving groupo 
Furthermore it was suggested that if a f ive - coordinate 
intermediate was formed 9 the reaction rate of this 
intermediate might be higher than the rate of 
reorganisation of sqlvent molecules around the complex o 
Thus the intermediate had to react with a nuc leophile 
already in position in the second coordination sphere a 
Such an intermediate need not be detectable by any 
competition experiment o 
A striking characterist ic of the steric c ourse 
of the aquation of c omplexes of the type [C oen2 LX]n+ 
(where Land X are OH 9 Cl 9 Br, N3 , NCS 9 N0 2 , NH3 9 etco) 
is that the ci s isomers reac t with the fo r ma tion of 
'v lOO% cis aqua produc ts while trans isomers usually 
. h t f f " t " 10-14 react wit . some rearrangemen o con 1gura ·ion. 
The only exceptions seem to be trans complexes with 
L = NHJ and N0 2 which react without rearrangement . 
These results, except for L = NH3 
and N0 2 , have been 
explained1 5as being que to TI-bonding effects following 
a solvent-assisted dissociation process where the 
dissociation of the Co-X bond is of primary importance. 
Comptexes with ligands like NHJ and N0 2 which cannot 
TI-bond to the cobalt atom are supposed to react with 
the formation of a tetragonal pyramidal intermediate 
which leads to retention of configuration o 
The general opini on c oncerning the me chani sm seems 
at present to be the spontaneous aquation reacti on is 
primarily a dissoc iative process with bond-breaking 
being more important than bond - making Q The poss ibi lity 
9 
of hydrogen bonding of a solvent mole c ul e to t h e a mmi n e 
protons of the c omplex and / or to the leav ing group may 
be important 7 g iving rise to a so - called solven t -
assisted d i ssociation .
16 As the evidenc e l e ading to 
this conclusion is of an indirect nature where other 
important factors may have been overlooked 1 it be c omes 
important actually to generate an intermedia te of 
10 
decreased coordination number and s tudy its characteristic s . 
This establishes one extreme for SNl . Two principal 
methods have been used for the detec tion of the 
pentaamminecobalt(III ) species, one17by the evaluation 
of the H2 o
18/ H2 o
16 
ratio in the common aquopentaammine 
product when the supposed [co(NH3 ) 5 JJ+ species is 
generated in water from a variety of sourc es 7 
18 
the other 
by competition of speci es other than H2 0 for [ co(NH3 ) 5 JJ+a 
For example the i nduced aquation of [ co(NH3 )5x ]
2
+ 
1 ( 1 ) Hg2+
 
comp exes where X = I 9 C 9 Br by ion: 
gave a constant fractionation factor for H2 o
18/ H2 o
16 in 
the aquopentaammine products 17 (Table I . 2) which was 
... 
l 
TABLE I.2o 
Isotopic competiton data for the induc ed 
aquations of [co(NH3 ) 5x]
2
+. 
Complex/Metal 2+ Ag+ TlJ+ 
catalyst Hg 
[co(NH
3
) 5c1]
2
+ 1 . 012 1.009 0.996 
[co(NH
3
) 5~r]
2
+ 1.012 1.007 0.993 
[co (NHJ) 5i ]
2
+ 1 . 012 1 . 010 l.OOJ 
11 
interpreted as evidence for a common intermediate where 
the bond to water is not made until all memory of the 
effects of the removed halide ion has been lost. This 
conclusion was drawn from the fact that aquation of the 
c ,;. t t?c l:1 .r e ,/ 
h l'd · b th metal ions such as TlJ+ and Ag+ a 1 e ionsA yo er 
gave substantially different H2o
18/ H2 o
16 fractionation 
factors in the common product from the different halide 
complexes. Also Haim and Taube
18
obtained evidence for 
the same intermediate formed by the reaction of the 
12 
The rate law was of the form 
( - 2 -) Y = Cl 1 Br 9 SCN 1 NOJ, so4 
and it was suggested that the intermediate Co(NH3 ) 5NNNNOJ+ 
was formed which spont ane ous ly de c omposed t o [ c o (NH3 ) 5 ]
3 + 
and N2 and N2 0. Both o
f the gaseous products are 
excellent leaving groups conducive to the formation of 
the reactive Co(III) intermediate which was characterized 
by allowing it to compete for other anions and solvent 
water molecules o The term in the rate law which is 
· -dependent on the anion concentrat ion leads to an 
enhancement in the rate with an increase in [Y- ] but 
does not lead to a parallel increase in the formation of 
The product distributions for various anions were 
compared and found to agree with the distributions 
expected if the dire c t anation reactions pro c eeded via 
the same pentacoordinated intermediate o However 1 a 
later _experiment by Pearson and Moore
19 
showed that the 
nitrosation of the azido complex and the spontaneous 
aquation of the [co(NH3 ) 5No3 ]
2
+ ion do not proceed by 
the same intermediate since the latter reaction gives 
first the a quo omplex which then anates , so the 
apparent agreement i s fortuitous . 
lJ 
More re c ently20 the carbamatopentaammine obalt(III) 
ion was shown t o rea t with NO+ 
!! 
0 
to give 80% Co -0 bond rupture and in this i nstance the 
leaving group i s either CO2 or~ CN=N , both poor 
Qoordinating agents . The degree of bond rupture was 
independent of HCl or HC104 , and it was shown also that 
nitrosation in l oO M HCl gave the [co(NH3 ) 5c1 ]
2
+ ion 
immediately . All of these factors implied that the 
[c o(NH
3
)
5
JJ+ ion was being formed . 
A problem has now arisen concerning the meaning 
of the o18/ o 1 6 fra tionation factors in these induced 
. 21 
aquations. While the ni trosation of the azido c omplex 
gave the same factor as for the [ co(NH3 )5x]
2
+ + Hg2 + 
reactions , thi s factor was also obtained fo r the 
spontaneous aquation of [ co(NH3 ) 5No 3 ]
2
+ 9 [ co(NH3 )5Br ]
2
+ , 
and [c o(NH3 ) 5c1 ]
2
+, whi h sugges ts that for the aquation 
r eactions the onstant fractionation fa c t or (1 part 
per 1000) i s no t ne c essarily a valid r it eri .on t o 
e stab l i sh a ommon interme d iateo However 9 it should 
be cons tan t if there i s a c o mmon intermedi ateo It i s 
conce i vable t h at wh en t h e fra ction ation fa t ors can be 
measured more a ccu r te l y d ifferen ce s will a ppear 
between spont ane ous a nd i nduc ed aquati on products , b u t 
at present a large b urden o f proof fo r the e x isten c e 
14 
of the i ntermedia te i s placed on the c omp e titi on ratios 
these values be c omes i mportan t. 
Attempts to generate fi v e-c oordinate interme d iate s 
have also been 
+ 2 2 
[ Coen2c12 ] , 
[ Coen2 DH2N ]
2
+ 
J ' 
and [ Coen2N3c1]+ 
+ 2 J 
[ Co en2 BrC l ] , 
The steri c c ourse of these r eacti.on s was f ound to differ 
from t he spont aneou s a.quation o Loeliger and Tau b e 2 J 
have tabulat ed da t a (Tab le IoJ )for the Hg2 + and NO+ 
~ 
Starting complex 
o-cis-[Co(enMNa)2] + 
cis-[Co(en)2(Na)2] + 
cis-[Co(en)2NaCl] + 
trans-[ Co( enh( Na)2] + 
trans-[Co(enMNa)2] + 
tran~[Co(en)2(Na)2] + 
trans-[Co(en)2N3Cl] + 
trans-[Co(en)2N3Cl] + 
o-cis-[Co(en)2Ch] + 
o-cis- [ Co( en )2Cl2] + 
cis-[Co(en)2C1Br] + 
trans-[Co(enhClNa] + 
trans-[Co(en)2Ch] + 
trans- [ Co( en )2C1Br] + 
trans-[ Co( en )2C1Br] + 
o-cis-[ Co( enM H20 )Na] 
o-cis-[Co( en)2(H20 )Cl] 2 + 
cis- [ Co( en M H20) Br] 2 + 
cis- [ Co( en )2( H20 )Cl] 2 + 
trans- [ Co( en)2(H20 )N3] 2 + 
trans-[Co( en)2(H20)Cl] 2 + 
trans-[Co( en)2(H20)Cl] 2+ 
trans- [Co( en)2(H20)2] a+ 
Table r .3:3 
SUIOL\RY OF STERIC COURSE OF AQUATIONS 
Method of 
aquation Product 
HONO [Co(enhNaH20] 2 + 
H+ [Co(enhNaH20] 2 + 
Spontaneous [Co(en)iNaH20] 2 + 
HONO [ Co( en )2 N aH20] 2 + 
Hg2+ [Co(en)2NaH20] 2 + 
H+ [Co(en)2NaH20] 2 + 
Hg2+ [Co(en)2N3H20] 2 + 
Spontaneous [Co(en)2NaH20] 2 + 
Hg2+ [ Co( en hClH20] 21 + 
Spontaneous [ Co( en )2ClH20] 2 + 
Spontaneous [ Co( en )2ClH20] 2 + 
HONO [ Co( en )2ClH20] 2 + 
Hg2+ [Co(enhClH20] 2+ 
Spontaneous [ Co( en )2ClH20 J 2 + 
Spontaneous [ Co( en )2ClH20] 2 + 
HONO [ Co( en M H20 )2] 3 + 
Hg2+ [Co(enMH20h] ~+ 
Hg2+ [Co(en)2(H20)2] 3+ 
Spontaneous [Co(enh(H20)2] 3+ 
HQNO [ Co( en M H20 h] 3 + 
Hg2+ [Co(enh(H20)2] 3+ 
Spontaneous [Co(en)2(H20h] 3+ 
a [Co(enMH20)2] 3+ 
% cis 
product 
76 ± 3 D 
>95 
100 
0 ± 5 
Little 
0 ± 5 
0 ± 5 
20 
70 D 
100 D 
>95 
27 ± 3 
28 
35 
20 ± 5 
100 ± 5 D 
100 ± 5 D 
98 ± 3 
90-100 
40 ± 5 
40 ± 5 
0-50 
38 
Ref 
le 
b 
C 
le 
b 
C 
d 
e 
f 
le 
d 
g 
f 
le 
h 
le 
h 
a 
~Calculated from the rates of exchange and isomerization: W . Kruse and H. Taube, J. Am. Chem. Soc., 83, 1280 (1961). The calcu-
lations are made on the assumption that the total rate of oxygen exchange measures the rate of formation of the presumed intermediate 
Co(en)20H2 3 +; the intermediate can react with water, restoring the original form, but with oxygen exchange, or can rearrange and 
then react with water. b P. J. Staples, J . Chem. Soc., 745 ( 1964). c P. J. Staples and M. L. Tobe, ibid., 4803 (1960) . d A. M. Sargeson, 
A ustralian J. Chem., 17, 385 (1964) . e J. P . Mathieu, Bull . Soc. Chim. France, [5] 4, 687 (1937) . IS. C. Chan and M. L. Tobe, J. 
Chem. Soc ., 5700 (1963) . "M. L. Tobe, S . C. Chan, and M . E . Baldwin, ibid., 4637 (1961) . h S. C . Chan, ibid., 5137 (1963) . 
>----' 
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i nduced aquations to show that for the same produc t 
a constant ratio of c is and trans isomers i s obtained 
-from d ifferent rea c tants o The authors sugges t that 
the c ommon result ind i cates the same i ntermedi ate is 
formed i n the indu · ed reac tionso 
Part I of this thesi s is c oncerned with t he 
remeasurement of the competition rat i os from the NO+ 
induced aqu~tions of [co(NH3 ) 5N3 ]
2
+ . by a more sensitive 
procedure and with the competition ratios for the 
nitrosation of the [c o(NH3 ) 5ocONH2 ]
2
+ complex in the 
presence of the same anions e Also the comparison of 
these results with the remeasured values for the anation 
is significan~ . Furthermore the nature of the 
supposed five-coordinate intermediate is studied using 
trans -[ Co (NHJ) 4Nn3xJ
2
+ ·i ons as reactants o The last 
chapter in Part I of the thesis is devo ted to the study 
f th t . f . h H 2 + . t d t · f o es eric course o t e g assis e a qua i on o 
Cl- , the NO+ ass i sted aquati.on of NJ and the spontaneous 
aquation of Cl- i n the (+) 589- [ oen2N3c 1 ]+ i on . Also 
the indu ed aquation reactions of the c is - and trans -
Chapter 2 . 
The Mechanism of Aquation Re a c t i ons 
of Some [co(NH
3
) 5x]
2
+ Complexes . 
2.1 Introduction 
---·------~-
In their competition studies for the supposed 
five-coordinate intermediate [co(NH
3
) 5 ]
3 + for water 
17 
and added anions, Y-, Haim and Taube18 estimated the 
relative amounts of the products formed from absorption 
spectra of the reaction mixtures . As the absorption 
products were often s i milar , the spread in the observed 
values was quite large (a factor '\., 2) o In order to get 
more accurate results it was necessary to separate the 
two products and determine the conc entrat ion of each 
product separately . In the present work suc h a 
separation was found to be possi.ble by the i on- exchange 
resin Dowex (H+) 50W- X2 9 200 - 400 mesh , using 1 M NaC104 
or 1 M KCl as eluents o 
Y]n+ ~roducts 24and the anation19 933of the 
[co(NH
3
) 5oH2 ]
3 + (by water exchange) are so slow that no 
measurable reaction of these complexes takes place in 
the time required to perform the reactions , separate the 
products, and measure their absorption spectra o Also 
it is known that the sponta neous a quations of' the 
reactants [C o ( NH J ) .5 X ] 2 + (where X = N J 9 I 9 C 1 9 Br ) are 
+ 2+ 
too slow to i nterf'ere with the NO and Hg- induced 
. 18 24 
aquations 9 and the same is shown to be the case 
2o2 Experimental se c tion. 
Analar reagents were used throughout without 
further purification . 
[Co ( NH J ) SC 1 ] ( C 10 4 ) 2 1 [Co ( NH J ) SB r ] ( C 10 4 ) 2 , and 
[co(NH3 ) 5I]( c 104 ) 2 were prepared from the chlor~de,
26 
bromide, 27 and iodide28salts, respectively , by 
treating them with c oncentrated HC104 and cooling the 
solution in ice a 
the method of Linhard and Weigel a29 The perchlorates 
were then re c rystall i s e d from water with NaC104 until 
pure. 
were prepared as des ribed oJO The carbamato c omplex 
was purified by c onverting it to the iodide and then 
' 
to the a etate with s ilver acetate 1 antj. the c omplex 
perchlorate was precipitated finally with NaC104 e 
18 
Analysis . Ca l c ula ted for [c o(NH3 ) 5c1 ] (c104 ) 2 : 
N , 18 . 50; H, 3.99 
Found: N ~ 18.51; H , 4.16 
Calculated f or [c o(NH3 ) 5Br ] (c104 ) 2 ~ 
N 1 16.56; H :1 3 .57 
Found: N 9 16.25; 
~' 3°55 
Calc ula t ed f or [Co (NHJ) 5I] ( C 1 0 4 ) 2 : 
N9 14 . 91; H, J .22 
Found: N, 15 . 25; H, J . 'Jl 
Calculated for [co(NH3)50CONH2](c104)2: 
N, 20 . 85; c,2 . 98; H , 4 o25 
Found: N , 20 065; C 
' 
J . 02; H, 4 o41 
Calculated for [co(NH3 ) 5N3 ](c104 ) 2 : 
N, 29 ol; H, J o9 
Found: N ? 28.7; H1 J.8 . 
Kinetic studies of the a quation of [c o(NH3 ) 5 ocONH2 ]-
(c104)2 o 
The complex was d i ssolved i n water and mixed with 
solutions of HC104 and Nac104 a t 25° . The mi xture was 
transferred to a spec trophotometric cell t hermostat ed 
at 25° in a Cary 14 recording spe c trophotometer 9 and 
19 
a recordi ng of opt ical density vs. time was made at 510 mu . 
20 
Kinetic studies of the nitrosation of [co(NH3 ) 5 ocONH2 ] -
(c104)2 , 
A solution of a weighed sample of complex, NaN02 , 
and NaC10 4 9 was ma de up and quickly mixed with an equal 
volume of the acid at 25° using a stopped- flow reactor 
31 
similar to that des cribed by Chance . The change in 
optical density was followed as for the spontaneous 
aquation . 
Competition studies o 
The c omplex (10 - 3 mole) was dissolved in dilute 
acid (40 ml) at 25° where this was possible (the 
carbamato c omplex wa s soluble in all a c ids , the azido 
complex only in H2 so4 solutions)Q Solid NaN0 2 
(2 x 10-3 mole) was added under stirring and the solution 
0 
was left at 25 for 10 min. When the azido complex 
was not soluble in the acidsj it was dissolved in 50 ml of 
0 
water at pH 3 at 25 o A 50 ml sample of the acid at 
0 25 was added rapidly under stirring~ and , immediately 
after mixing solid NaN0 2 (2 x 10-
3 mole) was added 9 
After reaction , the solutions were diluted with water 
and absorbed on an i on exchange c olumn (Bio - Rad analytical 
resin, Dowex (H+) SO W- X 2, 200 - 400 mesh , 15 x 120 mm). 
21 
The column was eluted first with 1 M Nac104 at pH J 
(1 M KCl for the sulphat o complex) to remove the +l 
and +2 charged complex ions and then with J M HCl to 
recover the aquopentaammine complexG Optica l densities 
of the solutions were measured immediately after recovery 
from the column. In every instance the tot a l recovery 
was better t han 98%. 
The molar absorpt ivi ties of the individual products 
were measured in 1 M NaC10 4 (the sulphato c omplex in 
1 M KCl), and the molar absorptivity of [c o(NH
3
)
5
H2 o] -
(c104 ) 3 was measured in J M HCl in order to ca lculate 
the concentrations of the species isolated from the 
column. The measured molar absorptivities were: in 
1 M KCl for [co(NH
3
)
5
so 4 Jc104 , s 515 =61; in 1 M Nac104 
for [co(NH
3
)
5
c1](c104 ) 2 ,e 532 = 50.5; for [co(NH3 ) 5Br] -
(c104 ) 2 , e 550 = 55 . 5; for [co(NH3 ) 5No 3 J(c104 ) 2 , 
e 502 = 56.J; for [co(NH3 ) 5F](c104 ) 2 , € 514 = 46.8; in 
J M HCl for [co(NH3)50H2](c104)3, €492 = 47.7. 
Representative examples of recovery of the 
products from the react ions above are: reaction of 
[c o(NH
3
)
5
ocONH2 ](c104 ) 2 with NaN0 2 in 0 .5 M H2so4 gave 
11.8% [ co(NH
3
)
5
so4 J+ and 88.4% [c o(NH3 ) 5o H2 ]
3 +; in 
1 M HCl 16.9% [co(NH3)5c1J 2 + and 8J.8 % [c o(NHJ)50H2] 3 +; 
22 
in 1 M HNOJ 26 o4% [c o(NH3 ) 5No 3 ]
2
+ a nd7 J ., O%[c o(NH3 ) 5 = 
oH
2
·J3+; -reaction of [co(NH
3
)
5
N
3
](c104 ) 2 in 1 M HBr 
gave 19.6% [c o(NH3 ) 5Br]
2
+ and 80 . 1 % [c o(NH
3
)
5
oH2 ] 3+
0 
Samples of the pure pentaammine products treated in the 
same way gave better than 99 . 2% recovery unc hanged. 
Determination of_equili,brium constant~ 
[co(NH3 )5 oH2 ]( c 104 ) 3 (10- J mole) was dissolved 
in HX ( X = C 1 9 B.r, NO J ) ( 0 . 2 5 M) and HC 10 4 ( 0 . 7 5M) 
(except for the HN0 3 - Hc 104 mixture whi ch was Oo5 Min 
each) 9 and the mixtures were equilibrated at 25° for 
14 days o At the end of thi.s time the c omp on en ts were 
separated using the ion ex .hange column and measured 
spectrophotometricallyo 
The proton a ssociation constant for [co(NH
3
)
5
o c ONH2 ] -
(c104)2(p.76 x l0- 3M) o 
was measured spectrophotometrically at c ons tant Cl 
concentration andµ= 1 using mi xtures of NaCl and HCl . 
The opt ical density of the parent c omplex p e rchlorate 
in 1 M NaCl, pH J o8, was Oo681 and the extrapolated 
value for tpe protonated complex was O.OJS o Us i ng the 
added acid concentration as a measure of [H+] the 
association constant was 
2.J Results. 
+ 
calculated as 6 07 - OoJo 
2J 
The rate of the nitrosation of the [co(NH3 ) 5ocONH2 ]
2
+ 
ion was measured under a variety of conditions o Linear 
plots of log (Doo - Dt) vs. time, where Doo and Dt are 
the measured densities at t = oo a nd t, respe c tively, 
were obtained , and the observed pseudo - first - order rate 
constants kobsd are listed in column 4 ? Table Io4 . 
Column 5 gives the calculated third- order rate constants 
k', assuming a rate law (a) of the form 
rate 
where 
kY[carbamate][H+] [ HNo2 ] 
1 + KH+ 0 [H+] 
[A5Co OCONHJJ+ ] A = 
and [carbamate] = total carbamato complex . The values 
. + 
of [HNo2 ] and [H] were calculated from the known 
a)This rate law was de~c.ribed incorrectly in ref. 20 ~ 
T ABLE I. 4. 
Kinetics of the [co(NH
3
)
5
ocONH2 ]
2
+ - HN02 reaction at 25° 
andµ = 1.0. (cCo ~ 10-3 M) 
' 
I [No2-Ja I [H+]b [H+]c k 
obs X 10
3 
. k'd 
3 3 M x 103 -1 -2 -1 -1 M x - 1-0 -- .M X 10 sec M sec x 10 
5.0 50 ~0 45 . 0 4.26 2.5 
-
5.0 100 . 0 95.0 7°7 2.7 
1090 25.0 15.3 4 . 12 3.0 
lOoO 50.0 40.0 8.77 2.8 
10.0 - 100.0 90.0 14 .7 2.6 
20.0 100.0 80.0 28.3 2.7 
20.0 20000 180.0 48.6 3.0 
4o.o 100.0 60.0 49.5 2o9 
50:0 100.0 50.5 55.4 2.9 
20.0 100,,0 80 . 0 26.3 2.5e 
10.0 100.0 90.0 14.o 
-- f 
2.5 
10.0 100.0 90.0 13_. 9 2.5f 
---
~ 
I\) 
+ 
TABLE I.4. (continued) 
Kinetics of the [co(NH
3
) 5ocONH2 ]
2
+ - HN02 reaction at 
25° and jt = 1 . 0. (Ceo= 10-J M) 
a Cone. of added NaN02 • 
b Cone. of added HC104 . 
c Cale. from i [No
2
- ] j 
constant of . HN0
2
~ 5 x 
.-, [ +] L H and 
-4 32 
10 . 
the dissociation 
d Cale. from k' = kobs(l + KH+[H+]) /[H+] [HN o 2 ] , 
KH+ = 607, 
e C = 2 x 10- JM . Co 
f µ = 1.0 with NaQlo 
concentrations of added HC10 4 and NaN0 2 using a value 
-4 32 of 5 x 10 for the dissociation constant of HN0 2 . 
The third-order rate constant k' appears to describe 
the kinetics of the reaction reasonably and it can be 
seen (Table 1.4, footnote f) that there is no great 
dependence of the rate on the presence of halide ion 
nor on the concentration of the reactant c omplex 
(Table I.4, footnote e). 
25 
The rate l a w i s substantially the same as that 
obtained for the azido c omplex18except that there is 
no term involving extraneous anion, a nd it should be 
noted that the denomi n a tor 9 1 + [H+]KH+ ? merely takes 
account of that port i on of A5CoOCONH2
2
+ which is 
protonated and is therefore in<t.Pt · to the addition 
+ 
of NO . The proton association constant~+ for 
2+ A5CoOCONH2 was measured spectropho t ome trically as 
6.7 ! O.J at 25° and this agrees with that calculated 
(. + ) from the rate data 7 - 1. 
The results of experiments on the rate of acid 
2+ hydrolysis of the A5Co0C ONH2 ion 
C 2 + + 2 H+ .H20 AC OH J+ CO NH + AS oO'c'NH2 ~~~~ So 2 + 2 + 4 
II 
0 
are given in Table I.S o The acid hydroly s i s rate do e s 
+ 
not show a simple first - order dependence on H , and 
from the results at µ = J, Table I.5 , the rate is 
independent of [H+] from 1 to J M [H+]. The kinetics 
are accounted for adequately by a rate law of the form 
26 
27 
TABLE ;I. 5. 
Acid hydrolysis of [co(NH
3
)
5
ocONH2 ] -
(c104) 2, cco = 10- 3 M. 
Temp. CHC104 
ka k( l + KH+[H+]) 
kH = 
oc M - 1 10 5 KH+[H+] sec X 
- 1 
X 10 5 sec 
- -
µ 
= 1 
- -
25 0 . 10 lo04 + Oo05 2.6 
-
25 Oo25 1 . 34 + 0.05 2.1 
-
25 0.50 1 063 + 0.03 2.1 
-
25 0.75 1.72 + 0.01 2.1 
-
25 1.00 1.98 + 0.01 2.3 
-
15 1.00 Oo44 
35 0.10 4.45 
35 0.25 6.48 
35 0.50 8.25 
35 1.00 8088 
45 0 ; 10 13.3 
45 0.25 26.3 
45 0~50 30.3 
45 1 . 00 31.2 
--
µ = 3 
-
25 1.0 2 . 52 
25 2.0 2 . 52 
25 3.0 2 0 57. 
a Average of two values 
rate= 
k H[carbamate] [ H+]ISr+ 
1 + K + 9 [H+] 
H 
28 
from whi ch KH+ is calculated to be ·~ 7 in a greement with 
that for the nitrosation reaction. The observed rate 
cons tants show that the acid hydrolysis rate is not 
significant in the time required to complete the 
nitrosation reactions . 
Competition studies o 
The results of the c ompetition experiments for the 
nitrosation of 
of added anion 
2+ A5CoNJ and 
Y- (where Y-
2+ 
A 5CoOCONH2 in the presence 
= Cl- , Br- 9 N0 - 3
, F- , HSo-
4
) 
are given in Tables 1 . -6 and lo7• The reac tions with 
the azido c omplex are more or less a repetition of Haim 
18 
and Taube's work at µ = 0 .5 and also atµ= leO, 
but modified to fit the i on-exchange tec hnique used 
to analyse the reaction mixture. The slow acid 
2+ or+ 25 hydrolysis of the A
5
CoY complexes formed and 
the slow anation of the aquopentaammine complex199 JJ 
2+ or+ J+ 
allow the separation of A5CoY from A5CoO
H2 on 
the ion-exchange column without significant change. 
By this procedure all of the complex species were 
recovered to better than 98% and the individual species 
29 
TABLE I . 6. 
Product d istribut ion from the [co(NH3 )5N3 ]
2
+ - HN02 
0 
reaction in the presence of added a nions at 25 . 
( C = 2 x C ) o NaNO complex 2 
(NHJ) 5N J ]
2
+ (M) Reaction Fa Rb Medium µ 
-
~ 
0 . 01 Oo5 M HCl 0.5 9 .6 0 . 19 
9 . 5 0.19 
0 . 01 1 M HCl 1 .0 19.6 0 .24 
0 _01 1 M HBr loO 19 .6 0.24 
0 . 01 1 M HNOJ 1.0 JJ . 2 o.49 
0.01 0.88 M HF rl, o. 05 9 ° 7 0.1~ 
0.025 0.5 M H2 so 4 ""' 0 . 5 15.7 0.37d 
0.025 1 M H2 so 4 /\., 1.
0 22 . 1 o. 28d 
OoOl 0 . 5 M HC l 2.0c 8 .1 0.18 
0.01 . ' 1.0 M HC l 2 .. 0c 15.9 0.19 
0.01 1. 5 M HC l 2 .0c 21 . 8 0.19 
0.01 2.0 M HCl 2.0c 28.J 0. 20 
-
b R = F 
( 100 - F) [ y·] 
d . 
Calculated using IY-] = total flouride or sulphate concentration. 
I 
1, 
II 
11 
JO 
TABLE I.7. 
Product distribution from the [c o(NH3 ) 5ocONH2 ]
2
+ - HN0 2 
a 
b 
0 
reaction in the presence of added anions at 25. 
Reaction 
medium 
1 M HCl 
1 M HBr 
1 M HNOJ 
0 .88 M HF 
0 .5 M H2so 4 
1 M H2so4 
0.5 M HCl 
1.0 M HCl 
1.5 M HCl 
2.0 M HCl 
Per cent of 
Per cent of 
µ 
1.0 
1.0 
1.0 
1.0 
1 . 0 
f\; U-05 
,'\, 0 ,5 
'V 0~5 
"" 0 .5 
..... LO 
,v 1. 0 
2 . 0d 
2.0d 
2.0d 
2.0d 
F 
exp 
a 
17.0 
16 . 2 
16.4 
17.2 
26 . 4 
9.1 
11.7 
11.8 
12 . 2 
16.6 
17.2 
7.2 
14.o 
20.4 
25.1 
[co(NH3)50CONH2] 2 + 
[c o ( H
3
)
5
ocONH2 ]
2
+ 
F b 
calc 
21 . 2 0 .27 
20.2 0.25 
20.5 0.26 
2l o5 0.27 
33.0 o.49 
11.J o . 14e 
14 06 o . 34e 
14 0 7 o. J4e 
15 . 2 o.36e 
20.7 0.26e 
21 . 5 o . 27 e 
9 o0 0.20 
17.5 0.21 
25 . 5 0 o2 J 
Jlo4 0.23 
converted to [ C o ( NH J ) 5 Y ] 
2 
+ • 
c onverted to [c o(NH3)5Y] 2 + 
assuming that 80% of the [co (NH3 ) 5 ]
3 + intermediate is 
formed in the . reaction. 
( c ontinued on p. 31) 
II 
Jl 
TABLE I ~ 7 (con t1nued) 
C R = F cal 
d HClOh added . 
e Calculated using [Y-] = total flouride or sulphate concentration. 
were ana lysed spect rophotometr1cally . The method 1s 
more accurate than the spe trophotometr1c· analys1 s of 
the react1on mixture wh1ch c onta1ns spec ies often with 
no great spectra l differences from the predom1nant aquo 
product. 
The n1trosat1on reactions in the presence of NCS 
could not be carr1ed ou because of reaction between 
NCS and o2 in the ac1 d solut1on. Th1s react1on
 may 
. 
account for some of the unusual behav1our wh1ch Ha1m 
18 
and Taube observed for this system. 
The compet1t ion value s for the n1trosation of the 
carbamato complex in the presence of Y ions have been 
co-rrected for the path which proceeds by Co-0 fission 
( 80%). 20 The path which leads to Co-0 retent1on clearly 
does not allow the anion Y to enter the coordinat1on 
sphere except by d1splacement of water and this is far 
too slow to 1nfluence the compet1t1on results. 33 
The results from the c ompetition experiments, 
Tables I.6 and I o7 1 show that: 
(1) t · t · t ' R [A5
CoY·2 + or+ ]/ The co mpe 1 ion ra 10 = 
[A5CoOH2
3+J[y- J is c onstant (: 0.01) for the 
reactions involving A5CoN 3
2
+ and A5CoOCONH2
2
+ and 
-
a common spec ie s of Yo 
(2) R does not vary widely with different Y ions. 
( J ) R is constant for O o 5 < [ C 1 - ] < 2 M a. t cons tan t 
ionic strengthµ f o r both complexes within the 
experimental error o 
(4) R is slightly· dependent on-ioni c strength , and 
the greater the ionic strength , the smaller R 
becomes. 
2.4 Discussion . 
The form of the rate law for the reac tion 
A5Co0CONH2
2
+ with HN0 2 in dilute HC104 is consistent 
with the mechanism proposed in the equations 
H+ + HN0
2 
~t====~t H NO+ 
2 2 
kl 
~~---~} NO + 0 
+ H2 
~+ 2 + +~~~~-~A CoOCNH J+ A5CoOCNH2 + H (9==-~~~ 11 5 !! J 
0 0 
J2 
2 kJ + + A5Co0CNH2 + NO 
~---~> 
" 0 
0 
N 
· J+ fast A5CoOCNH2 
" 0 
0 
N J+ 
A5CoOCNH2 
" 0 
Assuming a steady-state concentration of NO+, this 
mechanism leads to a rate law of the form 
-d[carbamate] = 
dt 
At the low concentrations of A5CoOCONH2
2
+ (10 - 3/ 
(l+~+[H+]) used in the experiments, k 9 was found to be 
independent of the complex concentration. It follows 
that k 2 /kJ >> [A5CoOCONH2
2
+] and that k' ~ k 3k 1K 1 /k2 • 18 
U~ing the value of k 1Kv estimated by , Haim and Taube 
JJ 
as '\J 2 
'\J 6 
-1 
sec along with 
x 103 is evaluated 
k' from the present study 
which justifies the 
contention that k 2 /kJ >> [A5CoOCONH2
2
+]o 
In these respects the nitrosation of the carbamato 
2+ 
co-mplex parallels that of A5CoN J ex
cept that the 
nitrosated azido complex probably decomposes through 
one of two paths 
NJ+ 
I 
N 
J ... f , .. 
A
5
co .-' N "" 
I \ 
I N 
\ 
0 
or 
.... 
03+ 
I 
N 
I 
N 
.... , ... 
.... 
while the nitrosated carbamat o complex 
II 
0 
can lose either ~ >CN=N or first N2 and then CO 2 $ In 
these reactions the leaving groups are poor 
coordinating agents and dissociate rapidly. 
34 
It is suggested that the intermediate [co(NH3 )5 ]
3
+ 
is common to both systems and that this species is 
characterised by its common competition r ati o for each species 
The common competition ratios have an 
enhanced significance when it is realised that the 
leaving groups are different in the two reactions and the 
rate laws differ in their anion and H+ dependence. 
The reactions competing for the intermediate in 
solution are 
A
5
c o 3 + + y 
A
5
co 3 + + .H20 
A5co 
J+ 
+ y < 
3+ -
kV 
y A
5
co .Y 
k 
A CoY2 + y~ 
5 
k 
w J+ ) A
5
CoOH2 
K 
i p». A
5
co 3 +. Y-
} A
5
CoY 
kV 
w 
2+ 
The competition ratio then becomes 
R = = 
k + k VK , . y y lp 
It is clear from the c omp etition results in both 
systems that R is independent of [y-J within 
e x perimental error and therefore k 9K. [y- J must be 
w lp 
small relative to k . Also i. t i.s known that the 
w 
a ssociation constant for [c o(NH
3
) 6 ]
3 + and Cl - is ·~ 
34 
1 atµ= 0.9 and 35 . 1° so it seems likely that the 
i on-pair concentration [A
5
c o 3 +. Y-] will be sma ll o 
S ome documentation of the ion association constants 
35 
at 25° is relevant sinc e there are some c on f l icting 
reports on their magnitudea The work of Phipps and 
JS Plane for similar s ystems to those considered here 9 
namely, the association of SCN - with [cr(H2 o) 6 ]
3 + ~ 
[cr(NH
3
) 6 ]
3 + 1 and [cr(NH3 ) 5c1]
2
+, shows that Kip << 1 . 
Some of the disagreement probably arises from the 
36 large ionic strength dependence of K. ; for example , lp 
for [co(NH3 ) 5 oH2 ]
3 + and so 4
2
- log Kip is J.276 at 
µ = 0 and 1 . 05 atµ =1, 37 and fo r [co(NH3 ) 6 ]
3 + in 
association with Cl l og K . i s -O aJl atµ= 1 and 0.6 lp 
JS [ ]4+ -atµ = 0 . Even for the Pt en3 and Cl system, 
36 
log K . is only 1 . 04 at µ ~ o. 39 Thus, if ion association lp 
is negligible , the ratio expression reduce s to R = k /k y w 
and it seems likely that this c ondition is met for 
- -y = Cl , Br , NOJ , F and HS0 4 . 
The intermediate i s highly reactive and shows little 
discriminat i on for the nucleophiles Y in aqueous 
solution (a factor v 4) o In this context it is 
interesting to note that Cl and Br are less effective 
th_an NO J . This might be explained by the ability of 
the intermediate to extract the anion from its hydration 
sheath in which case the poorly solvated No 3 
ion would 
be captured in preference to the more solvated Cl 
and Br 
40 ionso The argument is al so c ons istent wi th 
the strongly solvated F ion being the poores t 
J+ 
competitor f o r A5co o 
Some results f or the competition of NOJ and Hso 4 
for the intermediate generated by the rea c tion 
37 
A5cox
2
+ + Hg2 + ( X = Cl , Br, I) are given in Table I. 8. 
The competition values for the three complexes are 
approximately constant in each case but differ somewhat 
from the azido and carbamato values. However , the rate 
laws in these reactions complicate the issue since for 
the sulphate ion , at least the rate law i s of the form
17 
R = k[Co][Hg2 +] + k 2 [co][Hg
2 +][so4
2
-] + k
3
[c o] [ Hg2 +]e 
[so42 - ]2 
and the terms in the rate law h ave different 
efficiences in f'orming the sulphatopentaammine produc t. 
Strictly , the competition ratios f'.or the t erm 
2 -independent of so4 should be compared wi th t hose 
for the n itrosation reactions. A similar si t uat i on 
probably exists for No 3
-. The competition ratios 
reported here d iffer from Posey and Taubevs values
1 7 
for the same reason a s described for the azido system. 
~ 
TABLE I.8. 
Product distributions for Hg2 + induced aquation of [co(NH3 ) 5x]
2
+ in the 
presence of added anions (25°). 
Comp lex React ion medium Product (%) 
~ ~ 
~ 
00025 M [co(NH3 ) 5c1](c104 ) 2 Oe5 M H2so4 + Og05 M Hgso 4 21 [c o (NH3)5S 04 ]+ 
Oo010 M [co(NH3 ) 5c1](c104 ) 2 1 M HNOJ + Oo2 M HgO JS [co(NHJ)5NoJJ
2
+ 
Oo 025 M. [co(NHJ) 5Br -](c104 )2 0~5 M H2so4 + OQ05 M Hgso4 19
 [co(NH3 ) 5so4 J+ 
0 . 025 M [ c o(NH3 ) 5Br](c104 )2 1 M HNOJ + Ool M HgO ! 
40 [co(NHJ)5NOJ ] 2+ 
0 . 025 M [co(NH3)5I](c104)2 0.5 M H2so4 + 0 . 05 M Hgso4 23 [co(NH3 ) 5so4 J+ 
0 ~010 M [c o(NH3)5I]( c 104)2 1 M HNOJ + O~l M HgO ~J4 [ c o(NHJ)5NOJ ]
2
+ 
w 
Cl) 
Despite these prob l ems 7 it seems unlikely that the 
relative efficienc es for each path will vary for 
the chloro, bromo , and iodo complexes, so that the 
approximately constant c ompetition rat io s observed 
for NOJ and Hso 4 with these ions in their re
actions 
Wl.th Hg2 + bbl . f 1 . t f are pro a y meaning u 1n erms o a c ommon 
intermediate and are certainly consistent with the 
18 16 
constant O / o fra c tionation factors D 
An analysis of the anation reactions has been 
18 
carried out assuming they occur by a five -coordinate 
intermediate also . From the reactions 
k 
A
5
co 3 + e ~ H2 0 + k 
w 
k 2+ :l 
~ ~ ASCoY k 
a 
the equilibrium c onst a nt for the over - all reaction 
has the form K = k k / k k assuming there is no 
e y w a 
significant ion pairing . 3 4 
J+ The rate of oxygen exc hange between A5CoOH2 
and water , k, is known and the rates of a quation of 
e 
39 
40 
2 + ( A
5
CoY _Y = Cl , Br NOJ) and the equilibri.um c onstants 
Kare known also 9 whenc e k / k was c alculated 9 Table y w 
I o9. The equil ibrium c onstants h ave now been 
TABLE I o 9 o 
Rate and equilibrium c onstants for the rea. ~ti on 
[co(NH3)50H2] 3 + + Y 
k 
liF===-a~}> [ C o ( NH 
3 
) 
5 
Y ] 2 + + H2 0 
at 2.5 ° 9 µ 
~-
k - 1 K k / k se c 
a y w 
-~ 
~ 
- 10- 6 (l oll)b (Oo31) Cl 1 . 7 X l a25 Oo35 
Br - 6.5 10=6 Oo39 (0 . 35) 0 943 (Oo39) X 
- 10- 5 N0
3 
2.9 X 0 0077 (O o08) Oo38 (Oo40) 
a From Table IV ref . l8 o 
b Mea.sured using the i on exc hange tec hnique at µ = 1 . 0 ~ 
remeasured at µ= 1 by the i on-exchange me t hod and they 
agree substantially with the values quoted by Haim and 
18 
Taubeo The improved pre c isi on of the present work 
r~moves the apparent a greemen.t be t ween t he va.lues of 
41 
k / k for the induc ed a quation reactions (Ta.bl.es Io 6 -y w . 
I.8) on the one hand and for the spontaneous (Table IQ9) 
on the other whi c h was indicated by the earlier work, 18 
so there is no longer conflict between the c ompetition 
experiments and the conclusions of Pearson and Moore. 1 9 
This requires either a different intermediate for the 
a.nation reactions from that proposed here or a different 
mechanism. 
In summary, the c ompetition r atios for the 
nitrosation reactions are cons tant and may well agree 
"th th f th · · d d t path for the Hg2 + wi ..ose or . e anion-in epen en 
induced aquations 17and are d ifferent from those for 
h . . 18 t . e normal aquation reactions . The o18/ o16 
fractionation factors for the azido reaction21 and the 
H 2 + . d d t · f A CoX2 + (X = Cl B I)l7, 2 l g in uce aqua ions o 5 , r , 
are constant , and bo t h the competition ratios and 
fractionation factors agree with the formation of a 
common [c o( NH3 ) 5 JJ+ intermediate for the induced 
aquations . 
'1'H3 ~~ 
~H3 N~ 
--
H:3 
I Co N~ I Co 
- I 
N~ 
~ 
Hf' 
I 
~H:3 
d C b a 
Figure I.l. - Possible structures for t he [Co(NH3) 4ND 3J
3
+ intermediate. 
~ 
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Jo2 Experimental Se t i on~ 
The p omoro spectra of the complexes [ co(NH3 ) 5H2 o] -
( C 10 4 ) J , [ C o ( NH J ) SC 1 ] ( C 10 4 ) 2 , [ C o ( NH J ) .5 Br ] ( C 1 0 4 ) 2 , 
[co(NHJ)SNJ](c104)2 ? and [co(NHJ)5(0CONH2)](c104)2 
in d 6 - dimethyl su
lphoxide were measured on a Perkin-
Elmer R 10 60-Mc/s spectrometer o The complexes were 
then deuterated in saturated D2 0 solutions until the 
peak characteristic for the trans NHJ group had 
di sap pear e d . [Co ( NH J ) 4 ND J ] ( C 10 4 ) 2 and [ C o ( NH J ) 4 ND J -
(OCONH2 )](c104 ) 2 were treated with solid NaN0 2 in 1 M 
HC104 and the product a
quopentaa mmine c omplex 
precipitat ed by adding solid Nac104 and c ooling
o The 
chloro - and bromo-pentaammine .omplexes were dissolved 
in 0.2 M HC104 and treated with a s
olution of Oal M 
HgO in Oo2 HC104 . The aquopen
taammine complex ions 
resulting from these reactions were isolated as 
described above and the pom oro spec tra of the 
aquopentaammine ions were measured in d 6 - dimethyl 
sulphoxide . In O o2 M HClo 4 the rate of proto
n exchange 
in these complexes is negligibly small (t 1 ~- 107 sec 
2 
at 250 ). 42 
In the aquation experiment a saturated solution 
~ 
A. lCo(NH31HPf+ 
a) b) 
DMSO 
DMSO 
12 
Figure I. 2 .- P.m. r . spectr a of [Co(NH3) 50H2] (Cl04) 3 i n d6-DMS0. (a) undeuterated comp lex ; 
(b) trans deuterated comp lex. 
B. 1Co(NH3)5N3 J2+ 
a) b) 
DMSO 
C) 
DMSO 
DMSO 11 
Fi gure I.3 .- P. m. r . spectr a i n d6- DMSO of: (a ) [Co(NH3) 5N3J (C l 04) 2; (b ) trans -[Co(NH3) 4ND 3N3](C104) 2; 
(c) [Co(NH3) 4ND30H2] (Cl04) 3 obtai ned f ollowing treatment of trans -[Co (NH3) 4ND 3N3J (Cl04) 2 with NaN0 2 
in 1 M HC104 . 
~ 
C. 
12 
i( o(N H3)50'<;.,.N H2 
0 
0 ) 
OMSO 
b; DMSO C 
DMSO 
Figure I.4.- P.m . r . spectra in d6-DMS0 of: (a) [Co(NH3) 50CONH2] (Cl04) 2; (b) trans-[Co(NH3) 4ND 3-
0CONH2J (Cl04) 2; (c) [Co(NH3) 4ND 30H2J (Cl04) 3 obtained following treatment of trans-[Co(NH3) 4No3-
0CONH2] (Cl04) 2 with NaN0 2 in 1 M HC104 . 
~ 
D. [Co(N H3~C I ]2+ 
a) b) C) 
DMSO 
DMSO 
DMSO 
12 3 
Figure I . 5.- P.m . r . spectra in d6-DMSO of: (a) [Co(NH3) 5c1J (Cl04) 2; (b) trans-[Co(NH3) 4ND 3Cl ] (Cl04) 2; 
(c) (Co(NH3) 4ND 30H2J (Cl04) 3 obtained following treatment of trans-(Co(NH3) 4ND 3c1J(Cl04) 2 with 0 . 1 M
 
2+ . Hg in 0.2 M HC104 . 
Iii 
~ 
E. [Co(N H)5BrJ2+ 
a) b) c) 
DMSO DMS0 
DMSO 
12 3 
Figure I . 6 . - P.m. r . spectra in d6-DMSO of : (a ) [Co (NH3) 5Br] (Cl04) 2; (b) trans -[Co(NH3) 4ND 3Br] (Cl04) 2; 
(c) [Co(NH3) 4ND 30H2] (Cl 04) 3 obtained following treatment of trans - [Co(NH3) 4ND 3Br] (Cl04) 2 wi th 0 .
1 M 
2+ . Hg i n 0 .2 M HC 104 . 
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Finally in a separate experiment ~ trans deuterated 
[ ( ) J ( ) t d ' 1 M D+ at 45° Co NHJ 4Nn3Br c104 2 was aqua e in 
for 20 hrs o The p . mor o spectrum of the resulting aquo 
product, Figure I o"7c 3 indicates no detectable 
rearrangement of the NHJ a nd NDJ groupso Under 
identical conditions it was shown that only 50% of the 
trans NHJ group in. [c o(NH3 ) 5 oH2 ]
3 + was deuterated in 
20 hrs. 
J.4 . Discussion . 
If the trans deuterated complex ions [co(NH3 ) 4 -
ND3x]2+ are allowed to react to produce a five-
coordinated intermediate then the nature of the 
intermediate can be deduced from the distribution I 
of the NHJ and NDJ groups in the product aquo ion. 
Clearly the square pyramid (Figure I.la} leads to 
little or no change in the arrangement of the deuterated 
and non -·deuterated ammonia groups whereas the trigonal 
bipyramid (Figure I olb) must lead sta tisti c ally to 
two - thirds of the NDJ group in positions adjacent to 
the incoming substituent and only one ~third in the 
trans p6sition (negle c ting isotope effe c ts). Int ermediates 
of the form (Figure Iolc and ct) whi h arise by 
~ 
F. [Co(N H)5Br]2+ 
/1 DMSO 
a) b) c) 
DMSO 
DMSO 
12 3 
Figure I . 7.- P.m . r. spectra i n d6-DMS0 of : (a) [Co(NH3) 5Br](C104) 2; (b) trans - [C o(NH3) 4ND 3Br] (Cl04) 2; 
(c) [Co(NH3) 4ND 30H2] (Cl04) 3 obtai ned fo llowi.ng treatment of trans-[Co(NH3) 4ND 3Br ] (Cl04) 2 with 1 M 
DC104 at 45° f or 20 hr. 
---
ll 
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rearrangement of band a lead to a further 
redistribut ion of the isotopic content in the product s . 
However, a and b are the most likely structures since 
in the vibrational mode for bond rupture in the 
activated state to produce the intermediate, the c obalt 
atom is moving towards NDJ and will be approaching 
the equilibrium posit i on for the central ion. Moreover, 
the intermediate i s highly reactive and probably do e s 
not survive many vibrations before reacting with the 
solvent so that the c hances of rearrangement are 
minimized. 
or 
It is clear from the p.m.r. spectra that little 
no rearrange ment of the NHJ groups has taken place 
in the induced aquation reactions and it is therefor e 
conclud e d that the interme d iate involved in these 
reactions does not adopt a trigonal -bipyramidal 
arrangement (Fi gur e I.lb and c) . The results are also 
consistent with the formation of a common i ntermediate 
as indicated b y the competition e xpe r iments . 
Redistribution of NDJ in the intermedia te must be 
small and the structure in Figure I.ld can therefore 
be eliminated along with the trigonal bipyramids. 
The result th t no dete .tab le rearrangement of 
the NHJ a nd NDJ group s took plac e during the 
spontaneous a quati.on experiment is cons i s tent with a 
sol ent -assisted a quation of the halide
1
?
19 ion through 
a transi ti.on stat e of' i n c reased c oordi nat i on number 
where the solvent adds adj acent to the halide ion or 
with a square - pyramida l intermediate of c oordination 
number five o It i s not c ons i stent with a trigonal-
bi.pyramidal intermediate or with a me c hanism where the 
halide is displaced by a ttack of wat er on the s i de 
of the mole ular ion opposite to the hal i de ion. 
Chapter 4 . 
The Induced Aquation Reactions of Some 
[C oen2 XY ]n+ Complexes. 
----~------------
4.1 Introduction 
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23 24 Loeliger and Taube 1 followed the stereochemistry 
+ 2+ 
of the NO and/ or Hg induced aquations of D-cis-
[Coen2(N3)2]+ , D-ci s -[C oen2 0H2N3 ]
2
+, trans~[Coe~2 (N 3 ) 2 ]+ 1 
trans =[ Coen2N3c1]+ , and trans-[Coen2 oH2N3 ]
2
+ but failed 
to prepare the D-ci s -[Coen2N3c1]+ complex in a pure form. 
A published method44for the preparation turned out to 
give an impure product. 43 This chapter reports the 
preparation and extensive investigation of the purity 
of the prepared sample. The stereochemistry of the 
products from the NO+ and Hg2 + induced aquations of 
the complex is then studied and compared with that of 
the products from the remeasured induced aquat i ons of 
same products are produced ~ The results from these 
react i ons are finally compared with the r e sults 
obtained from the induced aquations of D-cis- and trans~ 
= 
4.2 Experimental section. 
Analysis . Calculated for 
N, J8.6J; C, lJ . 25; H, 4045 . 
Found: 
Trans-[Coen2 (N 3 ) 2 ]c104 was prepared by the 
same method 
as for cis - [Coen2 (N 3 )2 ]c104 using Co(q104 ) 2 and HC10 4 
instead of c.o (NOJ ) 2 and HNO J. A yield of 87% brown 
trans-[Coen2 (N3 ) 2 ]c104 was obtained. 
Analys.is o Calculated for q ;•-, [coen2 (N3 ) 2 ]c104 : . ...., - ·-
' 
N, J8.6J; c, lJ.25; H , 4 . 45. 
Found: N? 38 . 90; C, lJ.44; H, 4 . 50 0 
Trans-[Coen2N3c1Jc104 was prepared from trans-
[Coen2(N3)2]c104 as described. 23 
~-[Coen2N3c1Jc1 was prepared by treat
ing cis -
[Coen2(N3)2]No3 (20 g) with HCl (10 N) saturated with 
LiCl (75 ml) at room temperature until the solution 
became bluish red (0 6 min). The azidochloro complex 
was then prec ipitated by pouring the reac tion mixture 
into a large amount of ethanol o It was re c r y stallized 
from water at pH J - 4 b y adding eth anol unti l 
= 
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so 
precipi tation commenc ed o The soluti on was then cooled 
in an ice bath, yield 5 g o 
(+) 589 - [c oen2N3c1 Jc104 o T o cis - [Coen2N3c1 Jc 1 (7.5 g) 
dissolved in water (80 ml) at pH 3 - 4 was added ( - ) 589 -Na-
[Coen(c2o4)2] 0H20 (4 ol g) with stirring . The 
diastereoisomer (4 o4 g) precipitated rapidly and wa s 
collected and washed with ice-cold water and methanol. 
from the diastereoisomer by grinding an ice-cold 
suspension of the latter wit h solid NaI in a mortar. 
The precipitated iod i de was c ollected a nd wa shed with 
a dilut e aqueous solution of NaI and ethanol o The 
rotation of the iodide wa s measured , and , in order to 
ensure that optical purity was obtained, the complex 
was re - resolved. The i od i de was converted to the 
chloride by treating an a queous suspens ion (pH 3) 
with AgCl. After filtration , solid ( - ) 589 - Na[Coen(c 2 o4 ) 2 ] 
(1 . 83 g) wa s added to the filtrate and the diastereoisomer 
collected was converted to the iodide as before. The 
final rota tion of the i odi de was the s ame as that 
obtained from the first diastereoisomer . (For a 0.025% 
solution in 10-3 M HC10 4 a i s - 0 ~144° at 520 mµ and 20° 
in a 1-dm tube) . The comp lex iodide was then c onverted 
to the perchlorate by treating it with an aqueous 
51 
suspension of AgCl followed by excess NaCl04 o Two 
fract ions were obtained of which the first one c ontained 
a small amount of d iazido complex. The pure perchlorate 
[ aJ 20 = - 608° (for a 0 . 025% solution in gave 520 
10-J M HC.l-04 a i -s -0. 152° at 5-20 mµ and 20°) and 
[aJ20 = +2400. 
589 
Analysis. Calculated for [ Coen2 N 3ci ]cl o 4 : 
N, 27.54; c, lJ . 49; H , 4.52 . 
F ound: N, 27.67; c , lJ .67 ; H, 4 . 45. 
The purity of the complex was also tested by thin 
layer chromatography on ce llulose . 4 5 The components 
of a mixture of cis -[Coen 2 (N 3 ) 2 ]c io4 and ci s -[Coen2c i 2 ]-
Clo4 readily separated by elution wi th a mixture of 
1-butanol (H2 0 satura ted)-Hc104 (100:J) , and t he 
azido c hloro complex moved as a single band between the 
diazido and dichloro reference samples . 
~- [Coen2 (H2 0)N 3 ]so4 •H2 0. Ci.s-[Coen2 N3c1]Cl (Jg) 
dissolved in 1 M H2so 4 (10 ml) was treated with an 
aqueous solut i on of mercuric acetate (J.2 g). After 
the -reaction was complete , a large amount of ethanol 
was added to precipitate the products e The precipitate 
was extracted witµ water and the dark red residue was 
collected . This was dissolved in very d ilute acetic 
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acid and methanol was added to incipient precip i t at ion o 
The compound was re c rystallized by this method until 
a constant absorption spectrum was obtained (E508 = JOO) . 
Analysis e Calculated for [coen2 (H2 0)N3 ]so 4 °H2 0: 
N9 27 . 76; C 9 1J o60; H , 5o7 0 
Found: N , 27,86; C' lJ . 84; H , 5 o54 o 
Trans-[Coen2 (H2 o) N3 ]so 4 •2H2 0 . A suspension of trans-
[Coen2N3c1Jc104 (2al g) in 1 M H2 so4 (6 ml) was 
treated with merc uri c acetate (0 . 95 g) dissolved in 
water. When the violet c omplex had dissolve d and had 
become bluish red, the solution was f i l te red a nd poured 
into ethanol where the aquoazido compound precip i tated. 
It was recrystallized by dissolution i n c old sulphuric 
acid (10-J N) and by adding ethanol until pre c ipitation 
started . 
Analysis . Calculated for [coen2 (H2 D)N 3 ]so4 · 2H2 o: 
N j 2 6 0 42; C' 12 . 94; H~ 5 0 97 . 
Found: N , 2 6 . 14 ; c, lJ . 59; H 1 5 . 95 . 
described previously, 22 except that the (+) 589 - [coen2c12 ]I 
isolated was resolved twice more by the same pro c edure 
to guarantee its optical puritya 
Analysis . Calcu l ated f or 
Found: 
(+)
589
-[coen2NH3ci]Br2 was prepa red a
s des c ribed by 
W 46 [a]25 135 0 erner . 589 = + 
Analysis. Calculated f or [c oc 4H16N4NH3 ·1 ]Br2 : 
N, 1 70 89; C9 1 2.27; H, 4o89o 
Found: 
Trans-[Coen2NH3c1Jc 1c10 4 was prepare
d a s des cribed 
by Werner o47 
Analysis . Calculated for [coc 4H16N4NH3c1 Jc 1c104 : 
N, 19.11; C , lJ ~l O; H 1 Sa22. 
Found: N, 19 . 15; C , 12 . 8; H, 4.9 . 
was prepared a s des c ribed 
+ 103°,, 
Analysis.!.. Calculated for [c oc 4H16N 4NH3Br ]Br2 : 
N, 16.07; C, 11 ~02 ; H ? 4 oJ9o 
Found: 
SJ 
(2 g) was dissolved in water (15 ml at pH J) added 
to a solution of' Hg(No 3 ) 2 i n 15 M HNOJ (50 ml of 
1 M Hg2 +) When the reac ti on wa s c ompleted (10 min) 
the solution was c ooled in an ice bath and the product 
precipitated by adding ic e -cold ethanol. After 
filtrat i on the produ twas d iss olved in water and 
crystallized by adding Na2 s 2 o 6 . Three fractions 
were 
collected , were wa shed w~th ice-cold water, ethanol, 
and ether and dried in a vacuum desiccator. The first 
two fractions had the same rotation. (For a 0.1% 
solution a=+ 0~095° at 589 mµ and 25° in a 1 dm 
tube whence [ ] 25 950)0 a 589 = + 
Analysis . Calculated for [coc 4H16N4NH3No 3 ]s2 o 6 : 
N 7 20009; C, 11 . 48; H, 4.58. 
Found: N 9 20 ol; C, ll oJ; H, 4.6. 
Trans-[Coen2NH3No 3 Js 2 o 6 . Trans -[C oen2 NH3c1J
c1c104 was 
treated with Hg(No
3
)2 in c onc entrated HNOJ i n the same 
way as for the c i s c hloro c omplex. 
Analys i s. Calculated for [c oC4H16N4NHJNOJ]s206: 
N 9 2 0.09; c, 11.48; H, 4.58. 
Found: N , 2 0. 5; C' 11. 6; H, 4.5. 
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(2 g) was dissolved in the minimum amount of wate r 
(pH J -4 at room temperature a 
Hg2+ . in 0 . 1 M HC104 ) was .added and solution left for 
20 min at room temperature o The volume wa s reduced i n 
5.5 
a vacuum evaporator and c oncentrated HBr wa s add e d until 
no more HgBr2 prec ipitatedo After f iltration a mixture 
of concentrat e d HBr a nd Br2 was added dropwi s eo The 
tribromi de c ompl.ex was c ollected 9 d i ssolved i.n aq u eo us 
HBr (10- 4 M) 9 and the aqueous solution extract ed with 
. 
cc14 until the organic phase became olourless o The 
solution was reduc ed in volume and (+) 589= [C oen2 NH3H2 0]-
Br3dH20 precipit a ted by a dding a large exc ess of 
concentrated HBr with cooling. The bromi de was 
recrystallised from a mini mum volume of water by add ing 
an equal volume of concentrated HBr and cooling th~ 
solution . Another fraction was obtai ned by a ddi ng a 
large volume of ethanol and cooling . The two fractions 
had the same rotat ion . The c r y stals were washed with 
ethanol and e ther and dri ed in air at room t emperature. 
It was shown also b y mixing some optically active 
complex with racemate t h at a. separation was readily 
achieved by recrystallization . 
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Analysis . Cal ulated for [ co c 4 H1 6N4NHJ H2 0 ]Br3 oH2 0: 
N 1 14 084; C, 10 gl8; H 3 4 . 90 0 
Found: N, l4 o9; C , l0 o2j H , 4 08 • 
Trans-[Coen2NH3H2 o]( No 3
2.J was prepared a s des c rib ed by 
47 ) Werner . ( € 4 8 S = 4 5 D S , J M HC 1 
Analysis. Calculated for [coc 4H16N4NH3H2 o ] (No 3 ) 3 : 
N , 28 . 00; C, 12 . 00; H , 5 . 29 . 
Found: N , 28 . 0; C, 11 . 8; H , 5 o4 . 
~-[Coen2NH3N3 ]
c12 , Cis - [Coen2N3c1Jc1 was tre ated 
with liquid NHJ containing a trace of NH4c1 and the 
ammonia left to evaporate over two days o The product 
was extra ted with dilute NaC104 solution and c is -
[Coen2NH3N3]c12 was precipitated by adding a large 
excess of solid LiCl wi th ooling . The c ompound was 
recrystallized by dissolving it in a small v olume of 
water at room temperature and adding sol i d Li Cl until 
precipitatio~ started o The solution was then cooled 
in an icebath and the crystals were colle c ted , washed 
with ice-cold water, ethanol and ether and dri ed in a 
vacuum desiccator. 
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was dissolved in water (J ml) at 44° 0 Solid (+)-ammonium-
a -bromocamphor-IT- sulphonate (0,65 g) was added and the 
solution was left at 44° for 0 . 5 hr o The precipitated 
diastereoisomer was filtered off a nd re c r y sta llized 
from water unti l constant rotation was obtained o The 
diastereoisomer by dissolving the latter in water and 
adding solid Na2 s 2 o6 0 The c ompound was c ollected 
and washed with ice =c old water ~ ethanol 9 a nd ether and 
dried in a vacuum des i ccator ~ ( e508 in 1 M KCl was J47)o 
Analysiso Calculated for [coc4 H16N4NHJNJ ] s 2 o6 : 
N , 28 014; C, 12 . 06; H , 4 081 . 
Found: 
~ns-[Coen2NH3N3]s2 o6 , Trans-[Coen2N3c1Jc104
2 3 was 
treated with liquid NHJ ontaining a trace of NH4c1 
for one hr . and taken down to dryness by blowi ng a ir 
over the solution o The produc t was extract ed with 
water and [Coen2 NH3N3 ]c12 was precipitated by adding 
solid LiCl to a cold solution $ The c hlori de was 
dissolved in water and precipitated as the di thionate 
by adding Na2 s 2 o6 o The crystals were washed an.d dried 
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in the same way as for the c is complex. Three fractions 
were collected having the same molar absorptivity, 
e 512 = 277 in 1 M KCl o 
The compound was test e d for 
the presence of ci~ isomer by adsorbing a solution 
containing the complex on an ion exchange column 
(see later) and eluting with 1 M Nac10 4 . Only one band 
J- 2+ was detected while a mi x tu re of cis and tra~-[Coen2NH3N3 
gave two clearly separated bands . 
Analysis . Calculated for [coc 4H16N4NH3N3 ]s2 o6 : 
Nj 28 . 14; C 1 12 .06 ; H, 4.81 
Found: N , 28.5., C, 12 .1; 
Kinetic studies. The rate data were obtaine d 
conductometrically, spectrophotometri c ally 1 a nd 
polarimetrically using a Wayne - Kerr B221 universal 
bridge, a Cary 14 spe c trophotometer, and a P erkin-
Elmer 141 spectropolarimete r , respe c t ive l y. 
NO+ induced aquations of (+) 589-[coen2N3c1 Jc104~d 
(+) 589- [coen2 (N3 ) 2 ]c10~ The nitrous aci d induced 
aqua-tions were performed by dissolving the complex 
(0.01 g) ·in HC104 (40 ml , 0 . 1 M) at 20° and adding 
solid NaN0 2 immediately after dissolut i on . To 
form 
the 
was 
[C oen2 (oH2 )N3 ]
2
+ produc ts one equivalent of NaN0 2 
added to cis-[Coen2 (N ) ]c104 ~ in the other - J 2 
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nitrosations a 10% excess was used o After 5 min . the 
rotatory d ispersion a nd absorption spe c tra were 
recorded o Then a n excess of solid NaHCOJ was added to 
the reaction mixture and the solution was allowed to 
stand for 1 5 mi n e before the optical activity of the 
formed carbonato complex was meas ured at 589 mµ. . 
In the mercuric ion assisted reac tions (+)
5
·
89-[ coen2N3c1]-
Cl04 (0 ~01 g) was dissolved in HC10 4 (20 ml , O olM) and 
the Hg2 + solutions (20 ml of OoOl M HgO in Ool M HC104 ) 
was added o The visible absorption spectrum of the 
aquoazido complexes wa s measured after 5 min o and 
followed by the a ddition of a 10% excess of NaN02 . 
After a further 5 min . the spect rum of the mixture of 
diaquo complexes was obtained a nd finally addition 
of NaHCOJ in excess gave the [Coen2co 3 ]+ ion o Cis-
[C oen20H2 N3]so4 0H2o (O oOl gin 40 ml of 0 . 1 M HC104 ) 
was -treated with 20% exc ess of solid NaN0 2 at 20° and 
\ the visible sp ectrum was measured afte r 5 min o ( 8 492 = 80 o 7) o 
,_...-, 
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was followed by dissolving the complex (0 . 01 g) in 0 . 1 
and 0.01 M HC104 (40 ml) a t 25° and allowi ng t he 
solut ions to stand for 3 , 7 5 and 4 05 hrs o, respe c t i vely. 
The reaction mixtures were then treated with 10% exc ess 
of solid NaN02 . After 5 mins., NaHC0 3 was a dded and the 
rotations of the formed c arbonato complexes were 
measured at 589 mµ. 
Isomerisation of ~ - [ Coen2 oH2N3 ]so4 ~H2 0 (O o7 x 10 -
3 M) 
was followed spec trophotometri c ally at 25 ° i n 0 ~01 M 
The Hg2 + induced aquation of (+~9-[coen2c i 2 ]cio4 was 
also carried out as des c ribed previously 9
2 2 
except that 
the optical density was measured more a c cura tely with 
a Cary 14 spec trophotometer and the rot a tions were 
measured with a Perki n - Elmer 141 spec tropolari me t er 
(! 0 . 002°) 0 Successive experiments gave opt ical 
densities of 0 . 364 and 0 . 362 at 518 mµ, c ompa red with 
0.34! 0.01 observed previously22using a Shi madzu RS27 
spec trophotometer . The f i rs t value c orrespon ds to 
76% cis and 24% trans - c hloroaquo produc t ( ~ 2 %, obtained 
using the molar absorpt i v i t i es re c orded in ref. 2 2 ) . 
The corresponding rotat i ons of the ca:rbona to c omplex 
formed from these solutions were a 20 = +1 . 780° a nd 589 
In order to ensure that no isomerisation or 
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racemisation of ( -) 589 = [C oen2c12 Jc104 took place 
catalyzed by Hg2 + ions 1 the complex (O o0J5 g ) was 
dissolved in HC10 4 (10 ml 1 Ool N) at 20° and Hg(c104 ) 2 
(2 . 5 ml of 10- 2 M HgO in Ool M HC10 4 ) wa s -added o After 
5 min . the solution was transferred to an i on exchange 
column (Bio - Rad analytical resin Dowex (H+) 50W-X2 , 
200~400 mesh ? 15 X 1 20 mm) and the mixture was eluted 
at o 0 with 1 M NaC10 4 (pH J) o An appropriate volume 
of eluent c ontaining ci~- [C oen2c1 2 ]+ was c ollected 
and the absorption (D535 
t . 1 t t . ( 20 op ica ro a ion a 589 = 
= OQ4JO in a 5 - cm c ell) and 
- 0@174°) were measuredo The 
spectrum and rotat i on of opti cally pure ( - ) 589 -
[Coen2c12]c104 in 1 M NaC104 (pH J) gave 
[ ] 20 o M 589 = ~, 1868 a nd € 535 = 91 o 8 , from which the molar 
rotation of the unrea c ted ( =·) 589 -[coen2c1 2 J+ ion was 
calculated as [M];~9 = -185 8° 0 
NO+ induced aquations ~ .f [Coen 2NH3N 3~s 2 o 6: Eac h of 
the complexes ( +) 589 .-. [Coen2NH3N J ]s2 o 6 _and trans -
[Coen2NH3N3 ]s2o6 (O nOl g) .. wa s dissolved in HCl_o 4 
= 
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(10 ml of 0.1 M) at 25° 0 10% excess o f solid NaN0 2 
was added and absorpti on spe c tra and rotat i ons mea sured 
after 10 min; for [C oen2NHJOH2 ] J+ from (+) 589 - azido, 
€4 80 = 67 . 7, [MJ!~o = +10J5°; from trans - azido 9 
€480 = 44 o0 o 
Hg2 + induc ed aquations of the [ coen2NH3x ]
2
+ complexes. 
Each of the complexes ( +) 589 - [ coen2NH3c1 ]Br2 , 
(+)
589
- [c oen2NH3Br]Br2 , and trans- [C oen2NH3
c 1 Jc 1c104 
(0.02 g) was dissolved i n water (10 ml 1 pH J) at 25° . 
A solution of Hg(C10 4 ) 2 (10 ml of Oo4 M Hg
2
+ in Oo2 
M HC104 ) was added o Absorpti on spectra and rotations 
were measured after 15-2 0 min ~ ; for [Coen2NH3oH2 ]
3+ 
from (+) 589 -chloro, 8 480 = 66 ~0, [ ]
25 0 M 420 = -1012 ; 
[ ] 25 0 M 420 = -1000 ; and from (+) 589 -bromo, e = 66 06, 0 
The measured € 480 
for the pure aquo complexes i n Ool M HC104 was 65 . 5 
for cts and 44 . 8 for trans o The molar rotation for 
the pure (+) 589 -[coen2NH3oH2 ]BrJ ?H2 0 at 420 mµ was 
-1016° in Ool M HC104 ? 
from trans-chloro, s = 45.00 480 
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4 oJ Results o 
The visible a bsorp tion spe tra of ci s - [C oen2N3c1]+ 
and cis - and trans - [Co en2 0H2N3 ]
2
+ ions are given in 
Figure I . 8 and those of c is- and trans -[C oen2 NH3N3 ]
2
+ 
in Figure I o9 . The rotary dispersion curve of (+) 589 -
[Coen2N3c1Jc104 i s shown in Figure I olO and those of 
[+]
589
-[coen2NHJOH2 ]Br3 · H2 0 and (-) 589- [coen2NHJNJ]s 2 o6 
in Figure I~ll. 
The results differ somewhat from those des c ribed 
44 by Staples and Tobe but agree substant ial l y wit h 
those recorded by Tube a nd Loeliger .
24 Cons i derable 
effort was expended to test the isomeric purity of the 
samples , and some of t he problems encountered are 
dis_cuss ed below o 
Unfortunat ely the molar absorptiv i ty at the 
maximum for the first a bsorp tion band for c:i s -[Coen2N3c1J-
c104 (e = 21.5) i s c los e to that at t he same wavel ength 
for an equimolar mi xture of c is .- [ Coen2c1 2 ]c10 4 ( 8 = 85) 
and cis- [C oen2 (N 3 ) 2 ]c 104 (e = JJS) o However, the 
isolated hloroa.zi do c omplexes were c hromatographed on 
thin lay~r cellulose with a c 4H9
0H-H2D-HC104 mixture. 
This pro cedure separated all three possible cis species 
.. 
0 
0 
~ 
30 
1 
., , 
.,· 
., 
. , 
I 
I 
' 
I 
I 
. 
I 
i 
• 
·' , 
, 
I ,. 
i 
! 
' I . I 
. 
I 
. 
' 
. 
I 
. ' I I 
i ' 
' I 1 I 
I I j • 
. ' I I ; , 
. ' ! ' I ; ' 
• I 
! ' I 
I 
I , 
I 
o~---~~~------~~--------,,~-
Wave length (Mµ.} 
Figure I.8.- Visible absorption spectra of : 
' 
[Coen2N3c1 Jc104; ------, trans-[Coen 2oH2N3Js04 · 2H20; 
cis - [Coen2oH2N3]S04 · H2o . 
- . - . - . -
I 
' 
I 
I I 
>.. 
~ 
> 
~ 
a. 
'-
0 
V) 
...0 
< 
'-
0 
-0 
~ 
E 
500 
30 
10 
1''' 
I ' 
I 
,' \ 
I \ 
I \ 
I • • • • • 
I •• • •,. 
I • 
I ; 
I ,: • 
I : • 
I : 
I • 
I; 
I: 
I • 
,: 
,: 
I • 1: 
,: 
,: 
,: 
,.· 
,. 
I •" 
,~·. 
, . 
,,, .. 
,.· 
!~·· 
\ 
\ 
,: 
.. 
,: 
I• 
.. 
,: 
,: 
,: 
I• 
, : 
1: 
:: 
,: 
,: 
,: 
I : 
I; 
I • 
I : 
I : I : 
I' 
I; 
I .' 
I• 
I: 
I ; 
I• 
I; 
I ; 
I• 
I ; 
I• 
I .' 
I• 
' I : 
\ I • 
\ I .' 
I : 
\ I ." 
\ I • 
•• \ I ; 
·. \ ,' ... 
'• \ I ' 
I • 
', \ I ." 
·. \ ,' ... 
•, \ I : 
', ' I • 
·. --_, .·· 
. .. ... ·· 
O 6 0 0 
Wavelength (Mµ) 
Figure I.9. - Visible absorption spectra of : 
--- -- - , ClS -
M 
I 
0 
-)( 1.0 
C 
0 
-0 
-0 
0::: 
... 
0 
-0 
~ 
-1.0 
-2JJ 
0 
• 600 
I 
500 
Wavelength (Mµ) 
Figur e I. 10.- Rot ary di spers i on curve f or (+) 589 -
2.0 
<? 
0 
- 1.0 
X 
[M] deg M-1 cm-1 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
' 
' I 
' I 
C 
0 
I 
' I 
. . . . ' 
I 
.... ·. : 0 ..-·-.. , 
..... '. ' 
.... ..... ·,., 
0 ...-·. -·..... ~ £:t:: ••• _ .,. ,, 
... I .\ 
,-.. 
, ' 
. ' I 
I 
I 
I 
.. 
I 
I 
I 
I 
I 
I 
I 
I 
' 
' \ 
' \ 
\ 
\ 
' \ 
I 
I 
' I 
' , 
' ,' 
' , 
, __ _ 
. 
I 
I 
I 
I 
I 
I 
I 
• I 
I 
I 
, ·.\ ~ 01-------'------+, -T~.,_ ___________ _ 
0 : 
0 : 
~ ! 
-1. 
' I 
' I 
', I 
' I 
', ,' 
', ,' ', .... ___ ,, 
660 
. \ 
. \ 
. \ 
\ 
\ 
\ 
\ 
' 
I 
500 
Wavelength (M µ) 
' ' , 
..... ,,, 
-·-
..... 
I 
400 
Figure I. 11 . - Rotary di spersion curves of: -·-·-·-, (+) 589 -
[C oen 2N_H3oH2]Br3. H2o in 0.01 M HC104; ······, (+) 589 - [Coen2NH30H2]-
Br3· H20 in 3 M HCl; ------, (-) 589 -[Coen2NH3N3JS2o6 in 1 M KCl . 
64 
used in thi s i nvest i gati on c ontained no de t e c table 
amounts of d ichloro or d iazido c omplexes o Conductance 
measurements for the a quation of cis - [Coen2 N3c1 Jc104 
(2 x 10-3 M) to the aquoazido complex in perc hloric 
acid (10 - 3 M) a t 25° gave a rate constant of 2g6 x 10-4 
- l h " h . sec w ic . is close t o the value reported by Staples 
44 
and Tobe and also to t hat for the aquation of the 
' 
cis-[Coen2c12 ]+ ion (k = 2 o5 x 10- 4 sec - 1 ) 6 under the 
same conditions~ 
constant for the aqua~ i on of the first azido ion is 
too slow to contri bute , 49 Clearly the visible spectra 
and rate of aquation of Cl do not allow a 
characterization of the chloroazido species but the 
initial and final molar c onductivities A compared with 
those for the reference ions ci s -[Coen2 (No2 ) 2 ]c104 
( J\. = 86 ohm -zJ-9 and [ Co en2 ( ( - )val) Jc 1 2 ( A = 194 ohm -l!'.,/':1 - ) 
also showed that the chloroazido complex was free of 
dichloro and diazido c omplexeso 
- 1 , c104 n was found to be 85 ohm - and for the aquated 
product - ,1 L Was 198 ohm c;s..w~ after c orrect i on for the 
conductan e O t h e a c i. d o It i s c lear tha t a mi xture 
of the d i chlo r o and d iaz i do omplexes would release 
........ 
less than one anion per molecular ion under the 
conditions used. In the infrared spectrum of cis-
[coen2 (N 3 ) 2 ]c104 a doublet appeared for the azide 
-1 N-N stretching mode at 2025 and 2100 cm but only a 
-1 [ ]-singlet appeared at 2050 cm for cis- Coen2N3c1 c104 . 
This is also consistent with the conclusion that the 
complex is not a mixture a 
The cis - and trans-[Coen2 (H2 0)N3 ]
2
+ complexes 
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were isolated as the sulphates . At 500 mu the molar 
absorptivities were found to bes = 293 for cts-
[Coen2(H20)N3]so4~H20 ands = 103 for trans-
[Coen2(H20)N3]so4 , 2H20. These results agree with those 
f . 24 o Loeliger and Taube and confirm their conclusion 
that the separation of the two isomers prepared by 
44 Staples and Tobe was incomplete. Optically impure 
Some racemisation occurred during 
the preparation, and the solubility difference between 
the active and ra c emic isomers was too small to effect 
a sharp fractionation . However , the cis-aquoazido 
complex reacted with NO+ to give 100% cis-[Coen2 -
(H2o)2 ] 3+ in agreement with refo.24 . 
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The c omposition of the product mixtures in the re-
actions des cribed be low was calculated from speqtro~ 
photometri data us i ng the above molar absorptivities 
f o r i s - and trans -[Coen2N3c1]+ and the following 
literature values for the other complex ions: trqns-
[C oen2 (H2 o) 2 ](No 3 ) 3 , € 492 = 19o2; cis-[Coen2 (~2 o) 2 ]-
(No3)3 9 € 492 = 80o0 ;
50 
cis- [Coen2 (H2 o)ci]so4 •2H2 0, 
c 515 = 91; trans-[Coen2 (H2 o)c1Jso4 , € 515 = 11.2.5
1 For 
the molar rotation of (-) 589 - [Coen2co3 Jc104 ·0.5H2 0 [ J 4 0 -1 - 1 52 M 589 is - 511 mole cm . 
Induced aquat~ons of (+) 589 -[coen2N3c1Jc104 . The Hg
2 + 
i on assisted a quation in dilute HC104 gave 84 ! 2% ~~ 
and 16 ~ 2 % trans-[Coen2 (H2 0)N 3 ]
2
+ complex (spectro-
photometric values) 5 This mixture when treated with 
HN02 gave 88% cis - and 12% trans-[Coen2 (H2 o) 2 ]
3 + 
(spect rophotometric values) . The optical rotation of 
the carb onat o c omplex formed by treating the diaquo 
mixture with NaHco
3 
showed that 81 ! 2% of the diaquo 
product wa s opti c ally pure D(+) 589 . It has been 
established elsewhere 52 that D-cis- [ Coen2 (H2 o) 2 ]
3 + reacts 
with Hco
3 
to give D-[Coen2co 3 ]+ with full retention of 
activity and onfiguration o Z4 Loeliger and Taube found 
that cis -[C oen2 (H2 0)N3 ]
2
+ reacted with nitrous acid 
without change in con~iguration and this conclusion 
is confirmed by the present work. 
The ~itrous acid induced aquation of (+) 589-
[ Coen2N3c 1 ] 104 g ve 7 9 ! 2% cis - and 21 ! 2% trans-
[ ·oen2 (H2 0 )Cl ]
2
+ 9 and reac t i on of the chloroaquo 
products with NaHco
3 
gav e 79: 2% D(+) 589 - [coen2co3 J+.
52 
Induced aquation of (+) 589-[coen2c12 ]c104 . 'l'he 
I 
Hg2 +- induced aquation of (+) 589-[coen2 c12 ]+ desc~tbed 
22 
earlier has been repeated yielding slightly different 
results ~ The spectrophotometric values were 76% ci~-
and 24 % trans - [CoenjH2 o)c1]
2
+ and the polarimetric 
value wa s 78% D-cis . The discrepancy between these 
values and those previously reported (70% cis, JO% 
trans, and 70% D-ci s) i s ascribed to the more accurate 
instruments used in this study . The differences 
however do not alter the conclusions reached in the 
previous article. 
Hg2+ It should be noted that does not c~talyze 
51 
the i somerisat i on trans -· , · =* cis -[Coen2 (H2 o )Cl ]
2
+ 
nor cis - ~ trans - [C oen2c1 2 ]+. 
Induced aquation of ( + )
58 9
-[coen2 (N 3 ) 2 ]c104 . The reaction 
o f (+) 589-[coen 2 (N 3 ) 2 ]c 104 with nitrous acid was studied 
. 2 4 
b y Lo eliger a nd Taube , who found that the complex 
reac ted t o orm 77 ! J% ci s - and 23 ! J% trans-aquoazido 
I I 
d 
--
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complexes , that the cis-aquoazido complex reacts further 
to give ci s - diaquo with retention of configuration, 
and that trans -[Coen2 (H2 0)N 3 ]
2
+ reacts to give 40 ~ 5% 
cis - d iaquo c omplex . By repeating these reactions a.nd 
using the molar absorptivities of the prepared cis-
and trans - [C oen2 (H2 0)N 3 ]
2
+ complexes, it was fo\llld 
that i.n the first step 84: 2% cis- and 16 2: 2% trans-
aquoazido was formed and that this mixture reacted with. 
another equivalent of nitrous acid to give + 90 - 2% 
cis-d iaq u o of which 82 :!: 2% by c onversion to the 
carbonat o complex was shown to be optically active. 
The amounts of trans a quoaz i do and trans-diaquo 
c omplexe s f o r med were too small to allow a reliable 
estimat i on of the concentration of these complexes qut 
qualitatively the results agree with those of Loeliger 
24 
a nd Taube o 
Spontaneous Aquation of (+) 589-[coen2N3c1Jc104 . The 
release of the chloride ion from (+) 589-[coen2 N3c1Jc104 
was followed c onductometrically in 10-J M BCl04 at 25°. 
A plot of log (A 
00 
A t ) agai nst time wher~ \:o and \ 
are the measured c onduc tanc es at t = oo and t, 
respect ively, gave a s trai ght line. The first order 
-4 -1 rate constant was calculated to be 2.6 x 10 sec 
in reasonable agreement with Staples and Tobe's 
53 ( - 4 - 1 0 -2 ) result 2.4 x 10 sec at 25 9 10 M HCl04 . 
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I n order to det ermine the stertc course of the 
reaction , the rate of isomerisation of cis-[Coen2 (H2 0)-
N ] 2 + and the equilibrium composition were remeasvred. 5 J J 
From the rotation of the carbonato complex formed afte~ 
' ' 
the nitrosation of the aq~oazido aquation product, 
the amount of active cis-[Coen2 (H2 0)N 3 ]
2
+ was calculateq. 
The isomerisation studi es of the cis-aquoazido complex 
-2 0 in 10 M HC104 at 25 showed that isomerisatio~ took 
place with a first order rate constant ~l + k_
1 
= 
1.4 x 10- 4 sec-land gave an equilibrium concentration 
From these data and the rate constant for the aquation 
the 
spontaneous aquation of the optically active chloroazido 
+ complex was calculat ed to have occurred with 100 - 2% 
retention of cis c onfigurat i on and activity. These 
results show not only that there is full retention of 
the geometrical c onfi guration which is consistent with 
the conclus ion of Staple s and Tobe, 53 but also that th~re 
is full retention of the D(+) configuration. It is 
' • 
ne ces s ary to establish the latter fact since it is 
conceivable that a D- c is reactant c ould give both D-
and L- cis product s 0 The c onfigurational relationship 
70 
and the rea tion products was deduced from the circular 
dichroism , 54 the rotatory d i spersion curves, 55 and 
previous s tru c tura1 56and c hemi ca1 55studies . 
The i someri sat ion results for cis-[Coen2 (H2 0)N 3 Jso4 
differ sli ghtly from t hose of Staples and Tobe, 53 who 
- 4 -1 found a r at e ons tant k 1 + k _1 = laO x 10 sec and 
an equilibrium mixture of 73% cis - and 27% trans-[Coen2 -
(H20)N3](c104)2 . This ratio adjusts to 57% cis and 43% 
tra~ if the presen t values for the molar absorptivities 
of the aquoazido ions are used. 
Spontaneous aquation of (+)
589-[coen2c1 2 ]c104 . The 
course of aquation of ( + ) 589-[coen2c12 Jc104 was 
established b y a llowing the d ichloro ion to aquate to 
the chloroaquo specie s (5 t 1 ) 10which was then converted 2 
with NaHco
3 
to the active carbonato complex. The degree 
of retent i on observed after allowance had been made for 
the subsequent :isomeri sation10of the ci.s- chloroaquo 
i some r showed that the d ichloro a quated with retention 
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(100 ~ 2 %) o f the D- ci s configuration . A similar result 
0 was obtained by extra polating the plot of log a vs. t 
for the r ac emisati on of the D-cis-chloroaquo ion 
obtained above to z ero time when the extrapolated 
rotation agreed with that for optically pure D-[Coen2 ~ 
(H20)c1]Br2 · 2H20 . 
The catalyzed a qua tions in the presenc e of mercuric 
ions and nitrous a cid are rapid by comparison with the 
subsequent isomerisation and aquation reactions of 
the azidoaquo , 53 the chloroaquo, 51 and the diaquo50 
complexes . All measurements were performed immediately 
after completion o f the reactions and it was possible 
in all cases to measure the composition of the product 
mixtures before further a quation o ( isomerisation 
became signifi c ant, so that there was no doubt that 
the observed produc t d i stributions were due to the 
induced aquatio·ns a nd not c omplicated by further 
reactions . A summary of the steric course of the 
aquation reactions i s presented in Scheme I . 
' I 
SCHEME I 
STERIC COURSE OF THE INDUCED AQUATIONS 
Hg2 + 
o ( + )r.s11-[Co (en )2NaCl] + ~ ( + )ssg-[Co(en)2(H20)Na] 2+ + trans-[Co(en )2(H20 )N3]2+ 
84 ± 2% 16 ,= 2% t HNOs t HN02 
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( + )s20-[Co(en)i(H20 )2] 3 + dl-[Co (en )2(H20 )2] 3+ + trans-[Co(en)2(H20 )i] 3+ 
HN02 
1HC0t-~/ 88% cis 
o( + )siw[Co(en)2COa] + 
81 ±2% 
o( + )6&9-[Co(enh(Na)2] +-~ ( + )ss9-(Co(en)2(H20)Na]2+ + trans- [Co(en)2(H20)Na]2+ 
1 equiv - · 
84 ± 2% 16 ,= 2% 
tHN02 
12% 
tHN02 
( + )s:ao-cis-[Co(en)2(H20)2]3+ dl-cis- [ Co ( en )2 (H20 )2] 3 + + .k.!J:til- [ Co ( en )2(H20 )2] 3 + l HCO,- ~/ 
90% cis 
-
10% 
D( + )ss11-[Co(en)2COa] + 
82 ± 2% 
HN02 
D( + )r.a11-[Co(en)2NaCl] + ~ ( + )ssg-[CQ(en)2(H20)Cl]2+ + ~-[Co(en)2(H20)Cl]H 
Hgt+ 
79 ± 2% 21 ,= 2% t HCO,-
D( + )ssr[Co(enhC03) + 
79 ± 2% 
o( + )ss1i-[Co(en)tCI,) + ~ ( + )ssr[Co(en)2(H20)C1)2+ + trans-[Co(en)2(H20)Cl]H 
76 ± 2% 24 ,= 2% t Hcaa-
D( + )Mr[Co(en)tC03) + 
78 ± 1% 
The c i s and tra ns [C oen2NH3x]
2
+ compl e x e s 
( . Hg2 + X = Cl ? Br) when t reated wi th ion gave the aquo 
complex with full ret ent i on of the optical and/ or 
geome trical configurat i on . The induced aquation of 
the cis and trans azido complexes with NO+ also gave 
the same result. 
A method for the preparation of cis-[Coen2NHJNJ]-
s2o6, by treating trans~ [Coen2N3c1Jc104 with liquid 
NH
3
, has been published oS7 However, it was found in 
this work that the trans azidochloro complex reacted 
7J 
rapidly with liquid NHJ + NH4c1 to give essentially 
trans-[Coen2 NH3N3 ]
2
+ while the cis-azidochloro complex 
reacted more slowly t o give essentially cis-[Coen2 NH3N3 ]
2
+. 
These isomers were c hecked for geometrical purity by 
eluting them with 1 M NaC10 4 on a JO cm long ion 
exchange column whenc e the c is and trans forms separate 
easily. The trans i somer was eluted firsto 
D- (+) 589-[coen2NHJOH2 ] BrJ•H2 0, D- (+) 589-
[C oen2NHJNOJ ]s206 1 D- (+) 589 - [coen2NHJC1]Br2 , D- (+) 589-
[Coen2NHJBr]Br2 , and L - ( - ) 589-[coen2NH3N3 ]s2 o 6 were 
prepared opt i cally pure by fractional crystallisation 
of the least soluble d iastereoisomers to constant 
rotation and/ or fra c tional crystallisation of the 
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optical i somer t o .onstant rotation. 
the complexes were interconverted . 
In some instances 
The conversion of 
the cis halogeno c omplexes and the azido c omplex to 
the aqua complex with the same rotatory power as the 
isolated aqua complex c onfirms the optical purity of 
these species . It seems highly improbable that all the 
independently resolved i ons could have the same degree 
of optical imp~rity o 
4 . 4 Discussion. 
The i nduced aquations ar e rapid , are effected 
by reagents which lea d to good leaving groups at the 
cobalt(III) center , and are therefore conducive to the 
production of intermediates of reduced coordination 
number. These considerations, coupled with isotope 
fra c tionation , ompetiti on studie s , and stereochemical 
evidence from the i nduc ed a quations for the cobalt(III) 
pentaammine complexes (ref . 17 , 18 and thi s work), 
suggest that five -c oordinat e i ntermediates are likely. 
With these factors in mind the results are arranged 
to show .the a moun ts of cis- and trans- [ Coen2ClOH2 ]
2
+ 
or [ Coen2N3oH2 ]
2
+ derived from the different reactions . 
It is c lear from the d a ta in Scheme I that £is -[C oen2 -
c l ] + H 2+ [ ] + + 2 + g and cis- Coen2N3c1 + NO give a 
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common chloroaquo produc t and that cis -[C oen2 (N 3 ) 2 ] + + 
+ [ 'i ]+ 2+ NO and cis- Coen2N3c1 + Hg give a common 
aquoazido product within the experimental error $ These 
results fit the general pattern outlined by Taube and 
Loeliger in Table IV of ref o 2J and are consistent with 
the production of a fiv e -coordinate intermediate . The 
results are meaningful sinc e appreciable amounts of 
both ci~ and tra~ i somers are produced from the ci~ 
reactants. When l ittle rearrangement occurs, the 
distinction between 99% cis and 99.9% _£is product is 
difficult to ascertain and no clear decision can be 
made about the ster ic c ourse of the reaction. 23 The 
results are suffi cient ly accurate to allow conclusions 
to be drawn about the existence of the [ Coen2c1 ]
2
+ 
and [Coen2 N3 ]
2
+ intermediates , but they do not permit 
any conclusions concerni ng the existenc e of the possible 
[Coen2H2 o] 3 + intermedi te der i ved from the nitrosation 
of the trans-[Coen2N3oH2 ]
2
+ by- product . The amounts 
of cis - and trans-[ Coen2 (oH2 ) 2 ] 3+ formed from this 
source are not suf fi cien t ly different from the 
experimental error t o warrant more than the statement 
that they agree qualitatively with the more pre c ise 
24 
results of Loeliger and Taube for this rea c tion. 
The steric course for the spontaneous aquation 
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for D-[Coen2c12 ]+ and D-[Coen2N3c1]+ occurs with full 
retention (100 ~ 2%) of the D-cis configuration. The 
azidoaquo and chloroaquo products subsequently isomerise 8 
However, the steric courses of the induced aquat i ons 
differ widely from those for the corresponding 
spontaneous aquations and are consistent with the 
production of a trigonal bipyramid of the form of 
Figure I.12, which reacts with the solvent in the 
trigonal plane and whi c h shows some dependence for the 
product ratio on the nature of X, where X = Cl, N
3
, or 
H2 0. The D-[Coen2 oH2 ]
3 + intermediate reacts with full 
23 -2+ retention of the cis-D configuration whereas [Coen2c1J 
and [Coen2N3 ]
2
+ give both cis and trans isomers in similar 
amounts. Also it seems that there is some preference, 
over the statistical values, for reaction in the 
position cis to the subst i tuent and this may be 
associated wi th the abi lity of the incomi ng solvent 
molecule to hydrogen bond with the electronegative 
substituent . The c i s product in each instance is 
Co 
Figure I.12 . - Possible trigonal bipyramid i n the induced 
aquations . 
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optically pure(~ 2%) and this excludes any appre c iable 
amount of the alternative form of the trigonal 
bipyramid. 
The results may be c ontrasted with those obtained 
for the induced aquations of trans-[Co(NH
3
)
4
Nn
3
N
3
] 2 + 
and trans - [Co ( NH J ) 4 ND 3 X] 
2 
+ ( X = Cl , Br ) where no 
rearrangement was observed o The difference between 
the two sets of dat a may result from the possible 
stabilization of the trigonal bipyramid in the [Coen
2
x] 
system by bonding the filled p orbitals of appropriate 
symmetry on the subst ituent to the vacated cobalt 
1 orbital as suggested by Basolo and Pearson o This 
possibility does not arise when X = NHJ so that to be 
consistent with this proposal full retention of 
configuration should be observed in the induced aquations 
shown to be the case. 
[C oen2 NH3c1]
2
+" This has been 
2+ The Hg induced removal of 
Cl and Br from the cis and trans complexes occurred 
with full retention of the geometrical and optical 
configuration. A similar result was observed for 
+ 
the NO assisted aquation of the is and trans azido 
ions. However, the same stereochemical course was 
found for the spontaneous aquation of the halo complexes 
(ref. 14 and Chapter J) , In this instance the 
agreement between the results for the induced and 
spontaneous aquations detracts somewhat from the use 
of the stereochemical course of the reaction to help 
diagnose the mechanism. However, the common result 
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for the different substrates and types of reactions is 
still consistent with the formation of a five-coordinate 
intermediate for the induced aquation reactionse Also 
competition by the intermediate was observed in the 
course of the induced aquation in the same manner as 
found for the pentaammine complexes& The stereochemistry 
of the competition product was the same as that for the 
reactant. 
It seems unlikely that these and previous 
results 17 ' 18, 22-24 can be explained by coincidences 
in the reactivity pattern for the reaction intermediates 
J+ 4+ RCoNNNNO and RCoClHg over a range of complexes 
and for several methods of detecting their behaviour o 
It is more logical to argue that the common results 
obtained for the isotopic fractionation factor, the 
competition studies and the stereochemistry of the 
products for the sets of complexes are explained by a 
common cause rather than by multiple coincidences. 
Part II . 
Mechanism of Base Hyd~lysis Reactions 
in Cobalt(III) Amine Comple~~ 
Chapter 1. 
Introduction. 
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The possible mechanisms of reactions of 
substituted cobalt(III) amine complexes with hydroxide 
ion have given rise to much speculation and controversy . 
The overall reaction is exemplified by the following 
stoichiometry: 
The reaction has at least one striking 
characteristic in that OH is extremely reactive and 
appears to be much more reactive than any other base. 
In general other anions appear to coordinate in these 
compounds during the water exchange process: 
[co(NH
3
)
5
x] 2 + + H2 o 
[co(NH3)50H2] 3 + + Y 
[co(NH3)50H2 ] 3 + + X 
[ co(NH3)5Y ] 2 + + H20 , 
and these reactions are slow iµ comparison to base 
hydrolysis. 1 
The ra. e laws for base hydrolysis found so far 
have generally been of the form: 
R = k[ complex][OH-] 
and several mechanisms have been disc ussed which are 
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kinetically indistinguishable .. One mechanism 9 
supported by Ingold and asso c iatesJ8 - 69requires the 
hydroxide ion to displac e the X group in a bimolecular 
process ( SN2) : 
-
X " 
Another mechanism originally proposed by Garrick61 
requires the forma tion of a deprotonated intermediate 
which then reacts with water in a rate-determining , 
bimolecular process (SN2CB): 
2 K > [c o(NH3 ) 5xJ ++OH- rfast [co(NH3 ) 4NH2x]+ + H2o 
[co(NH3)50H] 2 + k -+ X 6 
1 Basolo and Pears on and their associates have 
supported this approach and suggested that the 
deprotonated intennediate loses the X group in a 
rate-determining , unimolecular st ep forming an unstable 
five-coordinated intermediate which then reacts 
rapidly with water (SN1CB)~ 
k 
The rate expression for these two-stage mechanisms is 
R - kK[complex][OH-] 
if K is small , which is c onsistent with the rate law. 
More recently two other mechanisms have been 
suggested. 62 Chan favors a reaction involving ion pair 
formation of the complex ion and the hydroxide iono 
The hydrolysis then takes place either by exchange 
within the ion pair (SN2IP): 
K. ip 
[co(NH3 )5x]
2
+
0 0H-
or by an unimolecular pro cess with dissocia tion of 
the X group (SNlIP)o Just as for the conjugate base 
81 
mechanism~ the rate equation for the ion-pair 
mechanism involves two c onstants, k and K . lp 
R = kK . [complex][ oH= ]. 1p 
if K. is small " lp 
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Finally a less likely mechanism has been 
suggested by Gillar d ?63namely that the base hydrolysis 
reaction could take place by reduction of the Co(III ) 
complex to a more labile Co(II ) intermediate by the 
hydroxide ion .. However, this mec hanism d oes not 
account for the fact that other nucleophil e s whi ch are 
much better reducing agents are not as reactive as 
the hydroxide ion and i s excluded from further 
consideration .. 
Considerable effort has been employed to 
distinguish between the s e me c hanisms ~ The spec i al 
effect of the hydroxide ion has been sugges ted as 
being due to its mobility .. 59 By a Grotthus chain 
mechanism a hydroxi d e ion might be able to penetrate 
the second coordination sphere of the complex and 
appear when neededo An argument against this theory 
has been that since a Grotthus chain me chanism is 
simply a series of proton transfers, one wou l d expect 
SJ 
all. bases t o be ab le t o generate hydroxide ions 9 but 
other base seems to be effective~ 1 The main ob j e c tion no 
to the SN2 mechanism is that if such a mec hanism was 
operating then one would expect other good nucle ophiles 
such as azide and thioc yanate to react with the same 
complexes in second order kinetics 1 and this is not 
observed-
The conjugate base me chanism accounts for the 
special effect of the hydroxide ion by ass1?Jlling that 
the reaction takes plac e by specific hydroxid'e ion 
catalysis. A d eprotonated intermediate is formed in 
a small concentration in a rapidly estab lished a c id~ 
base equilibrium " In a rate-determining proc ess this 
intermediate then reacts with water (SN2CB) or loses 
the labile X group (SNlCB),, A conjugate base mec hanism 
gains support from the fact that complexes with no 
acidic hydrogen atoms do not show any spe c ial affini ty 
for hydroxide ions., 64 For example complexes such as 
tran~-[Copy4c12 ]+ 9 J:_Eans= [ Co( S-pic) 4c1 2 ] + 9 tr~-
[co(Y-pic) 4c12]+ hydr olyse at the same rates a t pH 1-2 
and ~t pH 9 o2a _!r~n~- [ c o (dipy) 2 (No 2 ) 2 ]+ hydrol yses 
independently of the hydroxide ion concentration in the 
-4 [ - ] - 3 range 10 < OH < 10 • Similarly no evidence 
was found for hydroxid e ion catalysis up to pH 12 
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for cis-[co(dipy) 2 (o c ocH3 ) 2 ]+ . 
An objection to this c onclusion has be en tha t 
especially in the dipyridyl complexes a promo ted 
aquation is expected because of the bond propert ies 
of the aromatic groups? 6 Furthermore most of the 
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experiments with complexes lacking acidic p rotons have 
been performed at so low pHs that an increased effect 
due to an OH- catalysis might not be detectabl e. 
However, in the latest reported case, the base 
A requirement for the conjugate base mechanism is 
that proton exchange should be faster t4an base 
hydrolysis. The acido amine complexes are too weak 
acids to be determined experimentally (pK > 14) but 
a 
they are acidic e nough f or the amine group s to exchange 
hydrogen for deuterium in D20 solution. For t he 
complexes [co(NH
3
) 5c1]
2 +, cis-[Coen2NH3 c1]
2
+, and cis-
[cotrienNH3c1]2+ the rates of proton exchange have 
been found to be -10 5 times faster than the rates of 
base hydrolysis. 1 Moreover most of the results from 
the base hydrolysis studies are of this permissive 
nature and although they can be rationalized by a 
conjugate base mechanism they do not exclude the 
possibility of an SN2 mechanism. 
The ion pair mechanism may not be very 
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different from the conjugate base mechanism. As 
pointed out by Basolo and associates65 the apparently 
essential requirement of the presence of acidic protons 
in the complex may mean that the ion pair involves one 
of these protons in a kind of hydrogen-bonding inter-
action. The difference between the pre-equilibrium 
in the conjugate base mechanism and in the ion pair 
mechanism then appears only to be in the position of 
the proton for such an interaction: 
In both types of mechanism association is likely to 
occur to a slight extent. The ion pair constants for 
the cobalt(III) acidoamino complexes are not known 
because the complexes are too reactive towards the 
hydroxide ion, but the ion pair constant (K. ) for lp 
[co(NH3 ) 6J
3+ and OH- has been found to be 70 atµ= o?6 
By extrapolation to µ = l it is found tha t K. f\.,2 p lp 
Kip for [co (NR3 )5xJ
2
+ and OH- would be expected to be 
somewhat less than this value and only a very small 
concentration of [co(NH3 ) 5xJ
2
+,0H- should b e present 
at moderate hydroxide ion concentrations ~ In the ion 
pair mechanism as well as in the conjugate base 
mechanism we therefore seem to be concerned with 
reactive intermediates which appear in small 
concentra tions o The reactivity of the intermediate 
for the conjugate base mechanism derives from the 
deprotonated amine? and the reactivity for the ion 
pair mechanism derives from some special property of 
the ion pair .. In both instances unimolecular and/or 
bimolecular reactions could be accommodat edn The 
remainder of the discussion and results is devoted to 
distinguishing between the various me chanistic 
possibilities ~ 
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The first direct evidence for a dissociative SNlCB 
mechanism comes from competition experiments performed 
in dimethyl sulphoxide solution. Baso lo? Schmidtke 
and Pearson67 showed that while the reactions 
and 
indefinite productsJ were slow, the reaction 
-+ Cl + OH was very fast and the product was cl.eanly 
the dinitro complex~ 
rapidly with equivalent amounts of OH- in the absence 
of nitrite ion to form [coen2No 2oH]+, Furthermore 
87 
only a catalytic quantity of hydroxide ion was required 
to cause a rapid reaction of the Co(III) complex with 
a number of nucleophilic reagentsa These results 
cannot be explained by an SN2 mechanism but are 
accounted for by an SNlCB mechanism: 
fast 
K 
[coen(en-H)No2c1] 
k ~ [coen(en-H)No2 ]+ + Cl 
fast 
[coen(en-H)No 2 ]+ + 
- [coen(en-H)(No2 ) 2 ] NO 2 
fast 
[coen(en-H)(No2 ) 2 ] + BR+ [c o en2 (No 2 ) 2 ] + + B ~ 
Similar experiments were considered no t possible 
in aqueous solution because water itself is a good 
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ligand and is pre sen t j_n large concentrations .. 
However, Green and Taube exp l oit ed68 this property by 
using different isotopes of wat er and the large o 18; o 16 
isotope effect for the equilibri um 
ti----K~~ H2o
18 
+ o16H-, K - 1.040 ~ O.OOJ 
0 
at 25 . 
They found that ·he o 18/ o 16 isotope fractionation 
factor for the products was constant :f,'or the base 
hydrolysis of the complexes [co(NH3 ) 5xJ
2
+ (where 
X = Cl, Br, No 3 ) and was of a magnitud e consist ent 
with an SNlCB mechan ism and inconsistent with an SN2 
process. The fractionation constants are shown in 
Tabl e II.l from ref . 68. I I 
. 
X Oa012 
~ 
1 0 0056 Cl 
- 1., 0056 Br 
- 1 .. 0056 NOJ 
-F 
so 4
2
-(b) 1 0 0033 
so4
2
-(c) 1 ., 0081 
TABLE II .. l,. 
~---~-
M 
[OH-] 
---
0., 016 M 
100057 
1. 0055 
1. 0056 
0~99 75 
1 • OOJ4 
0 temperature 25 ; 
2-represent d i fferent sources of so 4 . 
~ · ~ 
~ 
0.,020 M 
1 "0056 
1., 0056 
0 .. 9995 
(b) and (c) 
They asserted that if a common intermediate was 
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prod uced then the fractionati on factor shoul d be 
indepen den t of X 9 whereas if the SN2 or SN2CB mechanisms 
ob taine d then the fractionation factor would be 
expected to be d epend ent on X since Xis contained in 
the activated complex~ 
The fluoro and sulphato complexes exhibited 
diff eren fractionation factors from the other complexeso 
It was suggested that a change from an SN1CB to a.n 
SN2CB reaction scheme occurs as the rate of base 
hydrolysis falls and that the less la.bile luoro and 
sulphato complexes follow the latter courseo 
Some evidence for an SN1CB mechanism has been 
obtained from stereochemica.l data~ J _ordan and 
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Sargeson69 observed that the concentration of the 
isomeric products from aqueous products from aqueous 
base hydrolysis of complexes of the type cis and trans-
[coen2Lx]n+ ( wher e L = OH 1 Cl, Br 9 NJ 9 NCS, NHJ' N0 2 
and X = Cl? Br, NOJ, NCS 9 NJ) investigated by Ingold, 
Nyholm and co-workeri0 ?7tere remarkably independent 
of the leaving group X when L remains constant, 
Table II,,2o Ingold 9 Nyholm and co-workers had 
rationalized their resul ts in terms of an SN2 
mechanism but Jordan and Sargeson pointed out that 
these results were not inconsistent with the production 
of a five-coordinated intermediateo If a common 
intermediate is formed from complexes where Lis k ep t 
constant and X varies one would expect the same stereo-
chemical dis tribution of the products~ 
fact observed within the error. 
This is in 
....... 
Tible ll . 2?9 
PRODUCTS OF THE BASE HYDROLYSIS OF 
cis-AND trans- [ Co( en )2AX] n + 
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Reactant Product % cis Ref. 
trans-[Co(enhCIBr] + -+ [Co(en)2CIOH] + 5 (±5)a c 
trans- [Co(enJ2ClCl] + -+ [Co(en)2CIOH] + 5 ( ±2) c 
trans-[Co(enhNaNCS] + -+ [Co(en)2NCS0H] + 70 d 
trans-[Co(en)2CINCS] + --+ [Co(en)2NCS0H] + 76 e 
trans-[Co(enhBrNCS] + -+ [Co(en)2NCS0H] + 81 (±3) e 
trans-[Co(enhBrOH] + -+ [Co(enhOHOH] + 90 ( ±2) c 
trans- [Co(enhCIOH] + -+ [Co(en)20HOH] + 94 ( ±2) c 
trans- [Co(enhCIN02] + -+ [Co(enhN020H] + 6 ( ±3) / 
trans-[Co(en)2NCSN02] + -+ [Co(enhN020H] + 10 g 
trans-[Co(en)2NaCl] + -+ [Co(en)2NaOH] + 27b (13) h 
trans-[Co(en)2NaNa] + -+ [Co(enhNaOH] + 30 (±5) h 
trans-[Co(enhNaNCS] + -+ [Co(enhNaOII] + 60?? d 
cis-[Co(enhCIBr] + 
-+ [Co(en)2ClOH] + 30 (±5) c 
cis-[Co(enhCICl] + --+ [Co(enhCIOH] + 37 ( ±2) c 
cis-[Co(en)2CIN02]+ ._. [Co(en)2N020H]+ 67(±7) f 
cis-[Co(en)2NCSN02] + -+ [Co(enhN020H] + 55 g 
cis-[Co(en)2ClNHa] +2 -+ [Co(en)2NHaOH] +2 84 i 
cis-[Co(en)2BrNHa] +2 --+ [Co(enhNHaOH] +2 85 i 
cis-[Co(en)2NOsNHa] + 2 --+ [Co(enhNHsOH] +2 86 i 
cis-[Co(en)2CIOH] + -+ [Co(en)20HOH] + 97 (±2) c 
cis-[Co(enhBrOH]+ --+ [Co(en)20HOH]+ 96(±2) c 
cis-[Co(enhNsCl] + --+ [Co(en)2NsOH] + 59b (51) h 
cis-[Co(enhNsNs] + 
-+ [Co(en)2NsOH] + 55 ( ±5) h 
cis-[Co(enhNsNCS] + - + [Co(en)2NaOH] + 100?? d 
cis-[Co(enhNCSCl] + -+ [Co(en)2NCS0H] + 80 h, i 
cis-[Co(enhNCSNa] + --+ [Co(en)2NCSOH] + 70 d 
a The values in parentheses are from the original reference. 
b Values recalculated using E 110 for trans-[ Co( en )2N30H2] +2 (D. A. Loeliger and H. Taube, to be published). c S. C. Chan 
and M. L. Tobe, J. Chem. Soc., 4531 (1962) . d P. J. Staples, 
·ibid., 3227 (1963). 6 C. K. Ingold, R. S. Nyholm, and M. L. 
Tobe, ibid., 1691 (1956). 1 S. Asperger and C. K . Ingold, ibid., 
2862 (1956). 0 A. Roger and P. J. Staples, ibid., 4749 (1963). 
h P. J. Staples and M. L. Tobe, ibid ., 4803 (1960 ). i R . S. 
Nyholm and M. L. Tobe, ibid., 1707 (1956 ). 
.. 
Al r eady these results lend considerab l e 
suppor t to an SN1 CB mechanism for the inves tig ated 
complexe s,, The competiti on experiments in DM SO 
solution exc lude s an SN2 mechanism in this s olvent 
but the situation in aqueous solution stil l need e d 
further investigation before a satisfactory 
d ecision a b out the mechanism in t h is s o l vent c ould 
be madeo I n this p ar t of the t he s is da ta are 
presented f or competit i on by other species during 
the base hydrolysis in aqueous solution of 
[co(NH3 ) 5xJ
2
+ (where X = Cl, Br, I, No 3 ) and of 
cis and trans-[Coen2NH3xJ
2
+ (where X = Cl 1 Br 9 No3 ) 
complexes9 Furthermore the stereochemis try of the 
products in these reactions are examined for the 
isotopically labell e d 15N pentaammine and for the 
cis and trans isomers of [coen2NH3xJ
2
+~ 
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Chapter 2 
The Mechanism of Base Hydrolysis of Some 
[co(NH3 )5x]
2
+ Complexes9 
2o1 Introduction~ 
The results of Part I of this thesi s suggested 
the formation of a reactive five~coordinated 
intermediate 9 [co(NH3 ) 5 J
3+, for the induc ed aquati on 
reactionso If a five-coordinated intermediate , 
[co(NH
3 ) 4NH2 ]
2
+? is formed in the base hydrolysi s 
reac tion similar tec lLniques might be used t o 
characterize this in t ennediate as wel lg By all owing 
a common intermediate produced in an SN1CB mec hanism 
to compete for species Y- other than water i n 
solution,, i" e 4 
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a constant c mpetition ratio [co(NH3 )5Y J
2
+/ [co(NH3 ) 5oH]
2
+ 
should appear for eac h species of Y- sinc e Xis n o t 
present in the intermediate~ However 9 i t is n o t 
requi ed tha t the competition ratio is t h e same f or 
different Y-o Competition might also b e expected to 
H 0 
2 r . . ) . ]2+ 
=j> ~ Co ( NHJ 5 Y 
b u here the c ompetition ratio would be expected to be 
dependent on both X and Y o An SN2 mechanism would 
lead exclusively to the hydrox o complex, 
The wide variety of rates of base hydrolysis of 
cobalt (III) penta ammine complexes allows the 
competi ion experiments to be c arried outo 
~omplexes (where 
o base hydrolysis are rapid ) were treated in aqueous 
solution with OH- in the presence of Y- ( where Y- = N0
2
} 
- ~ - J - 2-) N3--, N S 9 0 CH3 9 Po 4 , so 4 • The rates for base 
hydrolysis for the [co(NH3 )5Y]n+ complexes are 
cons i d era ly slower than those for he former species 1 
and no measurable amount of base hydrolysis o:f these 
comp und s occv~ s in the time r equired for reaction of 
[ .. ) ]2+ ( ) the Co( NH3 5x_ complexes r 4 min . Also it is 
known ha he ra es of 18oH2 exc hange with 
[ o(NH3 ) 5oHj 2+ and [co (NH3 ) 5H2oJ3+ are very s low33and 
that Y does n react to any mea urable extent with 
19 
thes e complexe s or with [co(NH3 ) 5xJ
2
+ in the i me 
required for base hydrolys i s to be essentially 
complete and for the analysis of the reac tion 
product so 
292 Experimental s e ·tion 
------
[Co ( NHJ ) 5 C 1 ] ( C ~ 4) 2 ? [C o (~-HJ ) 5 Br ] (Cl O 4 ) 2 9 a.11. d 
[co(NH3 ) 5I](c104 ) 2 were he same a tho se used in 
the induced aquati on experiments~ 
(c10 4 ) 2 was prepared by heating [co(NH3 ) 5n 2o]Co3 ) 3 
at 80° for 2 days and treating the forme d 
[co(NH3 )5No3 J No 3 ) 2 with perc hloric a c idQ 
Analysi so Calculated for [co (NH3 ) 5No3 J (c10 4 ) 2 : 
N, 20 .75, H? J.,73" 
Found: 
The ni rato compl ex was further test e d for purity 
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on an i on exc hange column in the same way as f" . r the 
chloro? bromo 9 and iodo complexes,, Some nitropentaanunine 
complex was d et e c ted a s impurity in the crud e 
pr e paration,, 
. The molar a sorp ivity of the ni trato complex 
measured on a Cary 14 spectrophotometer in 1 ~3 M HCl0 4 
was: £ 502 - ~6 134 
Base hydrolysis reactions in the presence 
of added anions, 
The complex (1.00 mmole) was dissolved in water 
(10 ml at pH 4) at 25° and then added to a solution 
of the sodillill or po.tassillill salt of the anion in 
base (10 ml) also at 25°~ In most instances HC10 4 
(11,7 M) was added to the mixture after 4,0 min to 
pH 5, The solution was diluted with water and the 
complexes adsorbed on an ion exchange column (Bio-Rad 
analytical Resin Dowex (H+) 50 W-X 2 9 200-400 mesh, 
dimension: 15 X 120 mm)• Once the complexes were 
adsorbed the column was washed with water to remove 
extraneous ions, These procedures were not possible 
with the nitrite solutions, and here the reaction 
mixture was adsorbed directly on the ion exchange 
column in the Na form, then washed with water 
thoroughly, and finally acidified with dilute acetic 
acid. The column was eluted first with aqueous KCl 
(1 Mat pH J) to remove the +1 and +2 charged complex 
ions and then with J M HCl to recover the [co(NH3 ) 5 -
H2oJ3+, 
F · t f d at 40° th 1 or exper1men s per orme . e comp exes 
were dissolved in 1 M NaN3 (10 ml, pH 7) at 40° and 
mixed rapidly with an equal volume of a solution 
c ontai ning 1 M NaNJ and 0. 25 M NaOH at the s ame 
temperature. The o luti.ons were neutrali . ed a fter 
1 m ' n and. ads orbed. on an i on exchange .., o.lumn after 
ool i ng. 
One 
0 
.ompeti tion experi.men t wa, · p erfo r med at O 
with [c o(NH_3) 5No 3 ](c10 4 ) 2 in the presenc e of 1 M 
NaNJo The v olume o f the reac tion mixture was 
doubled here in o rder t o avoid p re c i .p :i ta ti.on o f the 
omplex azide, and the reaction time was extended 
to O o5 hro 
In every instan .e the total re c ove r y was g r eater 
th.an 98 per c ent? and repre s entative re s ult s are 
gi en bel ow . [c o(NH3 ) 5No 3 J(c10 4 ) 2 in 0 ~.5 M NaN0 2 and 
[ ( ) ] 2+ 0 . 1 2. 5 M N aO H gave J .. 2 per cent Co NH J 5No 2 · and 
96 07 per cent [co(NH3 ) 5H2 o J
3+o [co(NH3 ) 5I](c10 4 ) 2 i .n 
1 M NaN and. 0. 125 M NaOH gave 10 0 pe r c ent 
[ Co (NH3 ) 5N 3 ]
2
+ and 88 o 5 per ,e nt [ o (NH_J) 5H2o ] J+ 
0 
[co(NH3 ) 5I] ( c10 4 ) 2 :in 1 M KSCN and. 0 ~ ·12 5 M NaOH gave 
6.4 pe r cent [c o(NH3 ) 5 -Ncs]
2
+ and 9J o9 pr c ent 
[ ] 3+ Co (NH_J) 5H2o • 
F'or the reac tion8 in NaN and KSCN ·o .lutions 9 
twi. e the v olume of : ·olvent wal::l u s ed to prevent 
p e c ipi,tation of' the reac tant a · the azi.de o r 
thiocyanate during the h. dro.ly .-· 1 . o 
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The molar abs o r p tivities of the r e a ction p r oduc ts 
were measured. in 1 M KC 1 9 and the mo lar abs or ptivi.ty 
orde r to calculate the oncen trations of the s p ecies 
isolated from the c olu.mn.. The measure d mo lar 
absorpt ivities were : 1 M KCl f o r [co(NH3 ) 5No 2 ](c10 4 ) 2 9 
E467 = 95.5; [co (NH3)5N3](c10 4)2? E:518 = 272 ; 
[ Co (NHJ) 5NCS] ( ClO 4 ) 2 9 s 498 = 183; [ Co (NHJ ) 5ooCCHJ] -
( ClO 4) 2 9 E 51 9 = 66; [ Co (NHJ ) 5SO 4 ]c10 4? E 515 = 61. 
In J M HCl the molar absorptivity f o r [co(NH3 ) 5H2 0]-
(c104)3 was t:.492 = 47 .7. 
In order to ensure that a zide ions do not replace 
the halogen ions directly, [co(NH3 ) 5c1](c10 4 ) 2 was 
treated with 1 M NaN3 at pH 5 for 4 min. The 
solution was poured on the c olumn which was then 
washed thoroughly with water .. The adsorbed c omplex 
was hydrolysed on the column wi th 1 M NaOH, acidified 
with acetic acid 9 and eluted with 1 M KCl. No azido 
c omplex was detec ed . 
Two exp e riments were carried out by hydro l ysing 
[co( H ) 5I ] (c10 4 ) 2 in diethano lamine buffer at pH 
10. 5 ( 0. 2 M) in the presence of ·1 M NaN 3 at µ = ·1. 0 
d 25 0 . an The mixture was a llow d to stand f or 2 hr 
and then run through the c olumn 9 washed with water, 
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and elu ·e d a s beforeo A . i.milar experiment was als o 
arried ou t u s ing a Rad.i ometer pH S tat at pH 10 g5 
u s ing 2 o 1 N NaOH a titran.to The s e experiments c oul d 
not be c arried out at µ = 2 (adde d Nac10 4 ) a s the i.od.o 
c omplex precipitated s lowly unde r thee c ondit:ion · ~ 
Kinetic of base hydrolys:is o f [co( NH3 ) 5c1J(.c10 4 ) 2 
and [ Co ( NH J ) SB r ] ( C 10 4 ) 2 ° 
The c obal t c ompl e_ e s were d i ss o lved in wat e r or 
NaC10 4 s olution (pH 5-6 ) d epending on the i oni c 
s trength requirement ~ o f the fin al s olut i onso 
Similarly NaOH c oncentrations were p repared i.n water 
o r i n the appr opriate NaClO 4 'olution s o The react ant 
s o lut:ions were mix ed rapidly at 25 .4° in a s topp e d-flow 
reactor72 and the c hange in abs orbance (- 0 .4 OD un it ) 
wa f o llowe d u s ing a Shi madzu R ~ 27 recordi ng 
, p ectroph o t ometero 
2oJ Re s u l .t s . 
The re -ult s of the c ompetition reac tions at 25 ° are 
given i n Table s II . 3 and II o 4.A and B and ,_ everal 
c orrelati on s emer geo 
r: 
~ 
I 
TABLE IIo3 
Formation o f [c o(NH
3
)
5
Y] in the base hydrolys i s ([OH-]= Oo 125M) o f 
[co(NH
3
)
5
x] 2 + c omplexe s in the presen ce of ani on Y- at 2 5°0 
a ct 
~Added anion [Y-] % [co(NH3) 5Y] from the re 
.--~~~~ ~-
ant s (Oo05 M)a 
µ 
M 
' NaNO 1 "0 i 2 
' 
Oo5 
.KCNS 1; 1 0 0 
Ii 
.NaOAc 1 .. o 
I, 
' 
I 0,,5 
NaN 
' 3 
1 oO 9 ° 9 ~ 
I 
0.5 
I 
1 Na
3
Po 4 0. 25 
tNa2so 4 1 "o 
A CoI2 + 2+ A A5
CoBr 
5 
c12·+ 2+ A
5 CoN0 3 
Co 
-~~ ~~-
4o5 5.0 4 . 2 5 0 1 1. 25 
2 ., 6 3. 1 2 • 4 3.2 0. 75 
6.3 6,, 1 5,, 
' 
5,4 7o 1 , 6.9,702 1 "20 
(5 min ) . 
.4.s 1,, 25 
3" 1 0.75 
9" 8; 10,2(1 min) 8 . 7 ; 8 . 8 ( 40 ° ) 8,, 5; 0 ( 40 °) 10 ,,6, 100 29 1 .. 20 
11.8(0°)9 
10.0(400) 
8" 
5.9 5.3 4 . 9 6.3 0 . 70 
6 08, 4.7 trace 4 7, 600 nil 
8.2b 
.-.~~--
-
~ 
r 
aReactant concentration in NaN 3 and KCNS experiments 0 .025Mo g 
bMay possibly be [co(NH3 )4S04]+. 
~ 
TABLE I I.4 
Dependence of the [c o ( NH3 ) 5N3 ]
2
+ c oncentration on [ N3- J (A) and [ OH- ] 
(B) and (c) for the reaction [c o (NH3 ) 5I]
2
+ +OH- at 25°. 
'----------------------~,--------
( A ) N aO H O . 1 2 5 M , µ = 1 . 20 
NaNJ M 1 . 0 0. 75 0. 5 0 .. 25 
% [ co(NH3)5N3 ] 2+ 10 . 0 , 9 .8 7 .. 4 5.0 2.5? 2 .6 
~==---3~ 
(B) NaNJ 1 .O M, µ = 2.0 
NaOH M 1 0 0 0 ~ 125 0.025a 
% [ ~o(NHJ)5NJ]2 + 9. 1 9e0 8 .6 
(c) NaNJ 1.0 M, µ = 1 .o 
Diethanolamine buffer pH 10.5 a pH statQ pH= 10. 5 a 
%[ co(NH3)5N3 ] 2+ 9.8 , 10 .. 3 9.6 
-~ ~-
a Reaction volwne 100 mls. 
f-1 
0 
f-1 
( 1) The c ompeti ti.on rat O o [ Co.A
5
Y] 2 + /[ CoA
5
oH ] 2·+ 
(A = NH
3
) s hows little d e p enden ce on the 
leaving group f or each monovalent c ompeting 
ion at e ach Y c oncentration , respe c tively 
( Table II. J) . 
(2) The competition ratio i independent o f OH 
c oncentrat · on ove a 5 0 -fold c hange in base 
c oncentration even when [OH-] is presen t in 
the same c oncentration as the c ompeting i on 
(Tabl e II.4A), µ = 2. This independence i s 
102 
extended over a 1000- old change in [OH-] if 
the per cent [ CoA
5
N3 ]
2
+ values are c omp are d 
in Tables II.J and IIo4C for NaNJ = 1.0 Mand 
µ = 1.0. 
( J) -The competition ratio is d e pendent on the Y 
c oncentration (Table s II. J and II.4A) o 
(4) The c ompe tition ratio varies fr om one Y ion 
to the next but not greatly (Table II. J ) . 
(5) The competi i on rati o shows 1 ·ttle 
dep enden ce on temp .rature fr om o 0 to 4o 0 
(Tabl e II. J) . 
S ome of the dupl icate results in Table II.J 
re c or d the concentrations o [ ] 2+ CoA5 when he 
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re a c tion w ' ta.ken for d i.ff'erent p eriods of t i me and 
i .t i · ,lea.r that the produc t ,~· do not und ergo :further 
ba ·e hydro 
The re s ults appear t o "in.die te good a ccurac y for 
the amount of [CoA5Y]
2
+ f ormed. 9 but s :inc e the :rec ov e ry 
o f total c omplex varie between 98 and 100 per c ent 9 
it i s diffi cult to know whether the d i ·crepanc ie c an 
be attributed t o the hydr oxo o r to the ani.oni c ompl.ex 
or to botho For these rea on the values quot e d mi.ght 
be c on. id.erect le ss a ccurate than the dupli.cate :res u.1 t s 
ugge s to The least a ccurate figure i. s that obtai.ned 
for the a c etato comple:x due mai.nly to the l ow 
c on centrat ion of the s peci.e s and i .t s signif:i c antly 
lowers o 
max 
For th~s rea ·on the c ompetition of 
acetate i on for the remaining s ubstrates was not 
purs ued. a 
The rate of bas e hydrolysi · o . [ o(NH3 ) 5F J-·+ was 
not i fficiently rapid at 2 ~0 to a l ow a c ompetition 
study ob . made. 
The rate of bas e hydrolysi s o . [co(NH3 ) 5c1] ( c10 4 ) 2 
and [co(NH ) 5Br ] (c10 4) 2 w re meas ured over a 100 f o_d 
range o [ OH- ] at 250 4° ~ The :rate c onotant s are g j_ven 
in Tabl e II.5 and II . 60 The ra s were foll owed 
TABLE II e5 • 
Rat e c onstants for the base hyd r o lysis of 
[ Co(NH3 ) 5c1](c10 4) 2 at 25 ., 4° 9 C l = c omp .ex 
3.,43 x 10-3 M, measured at 275 mµ . 
CNaOH(M) 10 2 X ( - 1 )a k (M- 1 k b sec sec 0 S 2 
µ = 0 " ·1 
0 .. o 1 0.547 + 0 .. 00 5 (5 ) 0 .63 
-
0 .05 2. 95 + Oo07( 6) 0 . 6 ·1 
-
0. 1 5.80 + 0 ., 07 ( 6) 0 .59 -
µ 
-
1 0 0 
0.01 0.235 + 0.001( 3 ) 0. 26 ~ 
0.05 1 . 25 + 0.0 2 ( 5 ) 0. 26 ~ 
0. 25 6 0 3 ·1 + 0., 11(5 ) 0 .. 25 
-
0. 5 12 . 2 + 0 .. 0 2 ( 5 ) 0 .. 24 
-
1 0 0 2.3 . 5 + o. 6(6) 0 . 24. 
-
.aAverage v alues with s tandar d dev i ations and 
number o f d e t ermi n a t i ons in parenthe s is" 
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-1) 
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TABLE II o6. 
Rate c onst ants for the base hydrolysi s of' 
[c o( NH
3
)
5
Br ] (c10 4 ) 2 at 25, 4° 9 µ = 1.0, 
-3· C 1 = 1.36 x 10 M~ meas ured at 310 mµ 3 c omp ex 
CNaOH(M) 2 ( ~1 ) a k2 ( -1 10 x k b s e c M 0 S 
0 . 01 1 . 33 + 0 . 0 2(4 ) 1 . 40 -
0.0 5 6.92 + 0 .1 0( 5 ) 1 . 40 = 
0 .25 34.3 + 0 . 3(6) 1 . 37 = 
sec 
aAverage values with standard d eviations and number 
o f d eterminations in parenthe s i s. 
spectrophotometri c ally at on s tant ionic strengths 
0.1 and 1 . 0 using a stopped-flo w reactor. Linear 
plot s of log (D
00 
- Dt ) against time where D
00 
and Dt 
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-1) 
are the measured d en sities at t = oo and t, respectively , 
where ob tained ov e r the fir s t two half=live s , and the 
ob erved rate onstants (ko b s d) s how a first-order 
dependence on [ OH-], Table . II .5 and II.6. The 
accura y of the data is attested y the s mall 
standard d eviat ions obtained. The average 
c one ntration~ of OH- · on in two half-lives was us ed 
t o derive the second -order rate con tant . 
2.4 Dis c u ssion. 
Neglecting the po sibil i ty of a mixed mechani s m, 
the c ompetition result s appear to exclude the 
bimolecular attack by OH- a s the rate determining 
step since it is known that the added anion doe s not 
react with . the substrate at least in neutral or acid 
s olutions. The result s s ugge s t that the added anion 
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c ompet es for an intermediate produced by the SN1CB or 
SN2CB me c hanisms and that the comparatively constant 
competition ratios for the chloro, bromo, iodo, and 
nitrato pentaammine i ons (Table II.J) with eac h anion, 
respectively, further suggest a c ommon intermediate; 
the SN1CB mechanism is therefo re preferred ~ For the 
SN2CB process a dependence of the c ompetition ratio 
on the leaving group would be expected since the 
leaving group is still contained i .n the activated 
c omplex for the rate determining step. It seems 
unlikely that essentially the ...: ame rate for the 
entry of Y would be observed f o r several [c o(NH3 ) 5xJ
2
+ 
c omplexes where X varies in si.ze and electronic 
properties. 
The possibility of an SN2 me chanism for the 
reaction of [ Co(NH
3 ) 5xJ
2+ and. Y in alkaline solution 
cannot be entirely excluded by thi s work since there 
is always a remote possibility tha t the ion p air 
[co(NH3 ) 5x ]
2
+.0H- could facil i tat e SN2 attack b y 
Y. The narrow range of nuc l e ophilic charac t er and 
the constant competition rat i o s obs erved for t h e 
widely differing ions N0 2 , NCS , OAc, and NJ 
militates against this possibility . In addit i on 
the competition ratios suppor t g enerally the SN 1CB 
conclusions of Green and Taube68derived from t h e 
180 isotope fractionation e f fects and confirm t heir 
inference that the iodo complex s hould behav e i n 
the same way as the chloro, b r omo, and nitrat o 
compounds. 
It is pertinent to add that the nitro compl ex 
formed has the nitrite ion N bonde d to the cobalt 
atom. Normally ~n aqueous s olution nitro complexe s 
form slowly by intramolecular i s omeri s ation o f t he 
nitrito complexes?3 The latter aris e by addition of 
NO+ to coordinated oxygen with out Co-0 cleavage?4 
In the present experiments t he d irect coordinat ion 
of N-bonded nitrite ion is al s o c onsistent with the 
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production of an intermediate o f r e duc ed coordination 
number. 
It appears that OH is a poo r c ompetitor for the 
vacant c oordination position c ompared with Y- (Table 
II.4B) and that wat er is more efficient in formi ng 
the hydrox o c omplex. A c ontrib ting fac to r to this 
result must be the much larger c oncentration of H2o 
mole cules . The result is al s o c onsist ent with Green 
d b , b t· 68 t 'h t · - · t • t · an Tau e s o serva ion ~- a t he iso op e e:t . ec is 
unaffected by the OH- c oncent r ation. 
Po ssible reactions which lead t o the observed 
products are as follows: 
A4CoNH2 
2+ + y 
2+ -A4CoNH2 + OH 
2+ A4CoNH2 + H20 
2+ 
-A4CoNH2 + y ~ 
k1 
k 2 
kJ 
~ 
A 5CoY
2 + 
A 5CoOH
2 + 
A5Co OH
2 + 
; 2+ -A4 CoNH2 .Y 
A4CoNH2 
2+ 
+ OH 
KOH 
( 
2+ -~~~-' A 4CoNH2 .OH 
k4 2+ -A4CoNH2 .Y A 5CoY
2 + 
2 + - - ks 2+ A4CoNH2 .Y + OH ~~~»A5CoOH + Y 
2 + -A4 CoNH2 .Y + H20 
2+ - k7 
· A4 CoNH2 . OH 
2 + -A4 CoNH2 .OH + Y 
2+ - k9 2+ 
4 O 2 • + 2 V A C NH OH HO ~~:..--}A5CoOH + OH 
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In formulating the products the subs equent p r otonat1on 
reactions have been ignored since they do not alt er the 
product ratio. Also [Y-] and [ OH- ] are considered 
constant for the derivat iono The c ompetition ratio 
then is of the form: 
A 5CoY
2
+ = 
ASCoOH2 + 
( 1 ) 
If the competition ratio is i .ndependent of [OH-] then 
equation 1 reduces to either 
or 
= 
[Y-](k1 + k4~) 
kJ + k6~[Y- ] 
( 2 ) 
(J) 
Al s o the ratios show a fir s t-o rder dependence of [Y-] 
be small compared to the oth r t erms . Thus equations 
( 2 ) and ( 3) reduce further to 
...... 
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= 
(4) 
or 
= 
( 5 ) 
The most efficient pro cess e s appear to be, fr om 
-with Y , the equation 4, the react i on 
collapse of the ion pair and the reaction 
of A4CoNH2
2
+ with H2o. From equation 5 the reaction of 
2 + - - 2 + -A4CoNH2 . OH with Y and of A4CoNH2 .OH wi~h H2o 
as well as collapse of the i on pair should be the 
most efficient. The small c ontribution of the terms 
k 6~[Y-] and k 5~[Y-] suggests that the ion pair 
formation between A4CoNH2
2 + and Y- is not important. 
This is cons istent with indep enden t ion association 
studies which have been carried out on similar ions . 
For example the a ssociati on c ons tant s between 
.'.34 
dB - 0 2 t O 9 35.1°. an r a re< • a · µ= • 9 
( ) 3+ -A s udy of' the as s o ciation o:f o NH.'J 6 - and OH 
propos s tha t Kip = 13 , 5 at 25°, µ = 0 .1,36 I ·. t h e 
quo ted dependence on i oni c s trength can be extended 
= 1 , a value of K . o f ..... 2 is lp 
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approximately toµ 
obtained. K. for lp 
2+ -A4CoNH2 and OH, therefore might 
b e expected to be something less than this value, and 
2+ -little of the ion pair A4CoNH2 .OH should be present 
-except for the highest OH concentrations. Certainly 
the experiments are not carried out in the concentration 
regions where t he ion p a irs are satu rated. 
Ther e is some preference for equation 4 as the 
governing relationship since the more abundant 
2+ A4CoNH2 ion should be more efficient in capturing 
Y- than the less abundant and lower c harged ion pair 
2+ -A4CoNH2 .OH • 
Solubility problems either for the anionic salt 
or the complex did not allow a detailed study of all 
the systems, but from the constant ratio of" the 
competition values at 1.0 M [Y-](µ = 1.2) and at Oe5 
M [Y-] (µ = 0.7) (Table II.J) a slight decrease in 
the concentration of [A5 CoY] at 0.5 M [ Y-] should 
occur if the ionic strength is maintained constant 
(µ = 1. 2 ) as for the example i n Table II.4A. Some 
slight additional support for an SN1CB mechani sm 
might also be deduced from this dependence of 
competition ratio on ionic atmosphere. If competition 
.... 
for a common intermediate i s dependent on the 
s urrounding ionic atmo s phere then the c ompeti.tion 
ratio s hould be even more sens itive t o an internal 
influenc e suc h a s that of d i.fferent leavi.ng ions , X 9 
when H2o or Y- with X are i n c o r porated in the 
a c tivated complex as for the SN2CB me chanis m. 68 
The c ompetition ratio showed little or no 
d e pendenc e on temperatur e from o 0 to 4o 0 using NJ 
as the c ompeting anion . There may be a small 
tendency for the competition ratio to bec ome s maller 
with i ncreasing temperature 9 but the ex perimental 
method u sed here does not allow a closer examination 
of the effect. The observed s mall c hange is in 
accordance with the contention that the intermediate 
is too reactive to discriminate much between the 
c ompeting s pecies, i.e. that 4 6 H i s very s mall. 
If the c ompetition rati o i s redefined. a s 
R = [ A5 CoY
2
+] /[A5 CoOH
2+] [ Y- ] to make it ind ependent 
of [Y-], then approxima te value s of R appear a s Oo09 
f or NJ-" 0.06 for NCS , Oo0 5 for N0 2 9 and 0 . 05 for 
acetate ion. These value . a r e lower than tho s e 
obtained in competition studies between [c o (NHJ) 5 JJ+ 
and similar ions in aqueous s olut ion (R "'0. J - 0. 5) 
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( ref 18 and Part I 9 Chapter 2.) , and th1s may be due 
in part to the fact that the intermediate in the base 
hydrolysis experiments has a lower charge, [co(NH3 ) 4NH2 ]
2 +. 
Also the variation in the c ompetition ratio from one 
anion t o the next is not great which s uggest s that 
there is not a large difference in the nucleophil ic 
character of the anions for the intermediateo A 
similar observation was made al s o for the c ompetition 
studies with [co(NH3 ) 5 ]
3+. 
It is not necessarily surprising that the Po 43-
and so 4
2
- ions do not appear to be much more efficient 
than the monovalent anions in sc avenging the 
intermediate. The se ions ion~pair strongly with the 
complexesJ7 and the course of reaction may well be 
different. The failure to observe measurable amounts 
of phosphate complex from the bas e hydrolysis of the 
bromo and nitrato complexes when it does appear from 
the chloro and iodo reactions i.s a p1-1.zzling feature 
of the resultso However, other species appeared' on 
the column which were not rec overed .. Also the 
sulphate c omplex absorbed maximally at 535 mµ instead 
o f the expected 51.5 mµ and it is c onceivable that 
In general 
the reac ti.on with the m .1 ti .v alent :i o n . · app e a r ed t o 
be more c omplicated than tho s e w.i th t he monovalent 
i. on and they were not i.nv8s ti.gated .further~ 
An a rticl e by Chan75 on the bas e hydro l y sis of' 
the chl o r o-pentaamm:i.ne c o bal t(I:II) i.on has d e s c r i bed 
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a rate l aw whi. c h d.ev:iat es s ub -·tant :i.ally :fr om a firs t-
o r d er d epend ence on [ OH- ] at higher OH- c onc entrat ions 
( 'v O o 1 M) 9 Figu re I:I " .1.. Tb.i s dev ia ti.on was interpreted 
on the bas i s of an i on-pair me chan:ism, but the 
po s ibili ty of the result a ri, ·i ng from the production 
o f an app r ciable c oncentration o f t he deprotonated 
intermedi ate was not excluded. When the bas e hydro lys is 
experiments with [co(NH3 )5c1]
2
+ were rep eated un.der the 
same c on.di. ti.ans in thi. s wo r k no deviat :i on from a fi.rst-
order depende n c e on [ OH- ] was o b ·erved u p to [ OH-]= 
0. 1, µ = 0 o ·1 o Al. s o no s i gnific ant devia ti.on fr om 
fir s t-order dependence was o b ·erved when the 
measureme nt s were extended t o [ OH-] = 1s 0 , µ = 1g 0 " 
This c onc e ntration i s mo re than ·! O ti.me s greater than 
t h e highes t c onc entration o f' ba · e U8 ed by Chan.?5 and 
a ma j o r departure :from. a :fJ.r ·· t-o r der dependence woul d. 
be e x pe c t .d. i. f Chan ' s e:f:fe e t was real a 
" nor:mal n :rate law :fo r bas e hyd rolys i s , 
Moreover the 
Figure II.1.- Rate constants for the base hydrolysis of 
[Co(NH3) 5Cl] (Cl04) 2 at 25.4°, µ = 0 . 1, and C l comp ex 
-3 
= 3 . 43 x 10 M: 
• , present results :; • , ref . 75. 
..... 
2 + = R = k[Co(NH r. ) ~x ][OH ] ? 
.:J .? 
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[ ( ) ] 2 + was als o obtained for the related Co NHJ 5Br - i on 9 
Table IIo6 9 and agai.n no departure from thi s 
proportionality was observed i.n the range O. 0 ·1 :::: [ OH-] 
The present re sults are not c ons i.stent with the 
ion-pair me c hanism proposed by Chan 62 unJ.e ss the i.on-
pair a ss ociation constant i s small, K . < 0 .. 0 5 at ip 
µ = 1.0. Such a value i.s not i n c onsis tent with t h e 
value expected for the a sso c iat i on of a 2+ ion and 
OH if the Bjerrum theory7 6ho lds and appropriate 
correction is made for the i onic s trength .. Some 
evidence for the validity of the theory might be 
inferred from the ion a ss o c iation constant for 
36 
[co(NH3 ) 6 J3+ and OH-. 
The re sults are al s o in k eeping with the 
·15 
estimated high pK values (> 15 ) f or tho s e ions and 
a 
with repeated failures to de termine the pK values 
a 
of related inert spe c:i e s such a s [c o(NH3 ) 6 J3+ whi c h 
m1ght b e expected. to have a lower pK value than 
. a 
the 2+ ion discu ssed here o Bo th the ion-pair 
a ssociati on c onstant s and the pK values f o r the 
a 
chloro and bromo c omplexe s would be expe cted. t o be 
sirni. ~lar and this :is :ref.lec ted i n the s i.m:ilari. ty of 
thei.r k:ineti c beh.aviouro 
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The ion-pair me ch.ani ..; rn doe s no t differ from the 
c on jugate base me chani s m i.n t he s e c ond s tage if the 
ion-pair reacts by a uni mol~c u lar pro c e ss ( c orre s pondi ng 
to SN1CB) provided that the en try of the ion-pa:ir e d 
O~- i.on i s not favoured over reac ti.on of the i on=pair 
with watero Similarly fo r the SN2 CB c ounterpart H2o 
and extraneous anions must reac t with the i on-pair i.n 
-preferenc e to OH~ Both p r o c es s e s c oul d al s o lead to 
incorporation of anion from o lven t and the only 
difference between the p r opo s al s is the way the 
reactivitity of the species i s a cc ounted fore Fo r 
the c onjugate base me c h.ani.sm the reactivi ty i. s 
attributed to the fac tor whi ch s tabilises the 
i ntermediate and c ontributes to the tran si.tion state 
( see introduc tion) o For the i on-pair pro c es s the 
reacti.vi ty must be a cc ounted. f o r by s ome s pec i .al 
property of the as s o ciation whi c h is not evident and 
theref'ore is a les s satisfa c tory explana ti.ono 
...... 
Chapter 3 
The Stereochemistry of the Base Hydro lysis of S ome 
Trans- [co(NH3 ) 4 (
15NH3 )x]2 + Ions~ 
3., 1 Introduction .. 
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The extent of r earrangemen t ac c ompanying base 
hydrolysis has been u s ed in o ther series69 o f 
complexes a s evidenc e that an SN1 CB me c hanism operates 
for them. It seemed desirable therefore to extend 
the isomerisation studies a lso t o the pentaammine 
series .. The starting point of this work is the 
demonstration by Halpern and a ssociates77that t he 
trans-NHJ group in [co(NH3) 5so 3 J+ is extremely 
labile. This permits the sub s titution of 15NH 
' 3 
s tereospecifi c ally trans and leads to the 
t o the possibility of an examination of the 
stereochemistry o f base hydro ly, i ,s in c oba.lt (III) 
pentaammi ne c omplexes .. 
]•2a Ex perimental s ectio~. 
Trans -[co(NH3 ) 4 (oH)( s o 3 )J. [c o(NH3 ) 5s o 3 ] 2so3 was 
prepared as described p revi ou sly? 8 It was dissolved 
...... 
1 1 8 
in exc es s c onc entr at e d HCl at ,.., 20 ° 9 and the c omplex 
chlorid e was prec ipitated :immedi at e l · with ethanol .. 
This produc t 9 re c rys tallized f r om wat e r with HCl and 
LiCl at,.., 20° 9 gave p r inc i.pal ly t r a n s -[ Co( NH3 ) 4 (H2o) -
(so
3
)J Clo The aquo s ulphi to c ompl e x wa s rec onverted 
to the pentaammine s alt by re c rys t all i zing it fr om 
aqueous ammonia s olution wi t h ethano l .. 
was then treated with a 3 p e r c ent a queous s olution of 
LiOH f or 5 min, and t r ans - [C o(NH_3 ) 4 (oH) (so 3 ) ] cryst a llized 
out s lowly as fine plates on t h e d r opwise addition of 
ethanol. 
Trans- [ co(NH3 ) 4(
15NH3 )c1 ] ( c 10 4)2 • F r eshly p r epared 
trans -[Co(NH
3
) 4 (oH)(so 3 )J (5 g) was added to a s olution 
of ·15NH4_Cl (4 g) (96 per c ent 
15N) . and Li OH ( 2 .4 g ) i n 
water (50 ml). The c omplex d.i. s s olved and then trans -
[co(NH3)4(15NH3)so3J Cl c ormnen.c e d t o cry s tallize. 
After 10 min all the c omplex was c rystallized by 
adding e t hanol. The . i s o l a ted c ompo und was wa s hed 
with e t hanol and ether 9 dried i.n a i.:r 9 and t r eated wi t h 
a solution of conc entra ted HCl s aturated wi t h LiC l .. 
The s olut i. on was gent l y warmed at first and then h eated 
on the s t e am bath u.n i.l a ll the c omplex was convert e d 
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chloride was c ollected and t reat e d. w1th an equiv a l ent 
amount of AgC10 4 in dilute HClo 4 ( 10-J M)" The AgCl 
precipitate was filtered off and the complex 
perchlorate precipitat e d by adding exc es concentrated 
HClo 4 .• 
Analys ~~~ Calculated 
Found~ 
·1 ~ 
for [co(NH3 ) 4 ( ~NH3 )c1](c10 4 ) 2 : 
N? 18 07 2 ; H 1 3 .. 980 
N 7 18 .. 98~ H, 4 .. 24" 
Trans-[ Co (NHJ) 4 ( 
15NHJ)NO J] ( ClO 4) 2 o Trans-
·15 [co(NH3 ) 4 ( NH3 )c1](c10 4 ) 2 ( 1 ~5 g) was dis s olved in 
( ~J ' dilute HC10 4 50 ml 9 10 M) and poured i.nto a 
solution (50 ml) of Hg(No 3 ) 2 (1o0 M) in concentrated 
HNo 3 .. The nitrato complex cry s tallized as the nitrate 
which was c ollected and was hed with dilut e HN0 31 
ethanol 9 and ethera The nitrat e was then tre ated with 
cold 9 c oncentrated HC10 4 to convert it to the 
perchlorate and finally re c rys tallized from water by 
adding concentrated HC10 4 o 
Anal~rsis o Calculated f or [c o (NHJ ) 4( 15NH3)No 3 ](Cl0 4) 2 ~ 
N, 20. 95; H , 3 ,,72 . 
Foun.d: 
....... 
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Trans- [ Co(NH
3
) 4 (
15NH
3
)oH2 ](c104)3 . 
Trans-[Co(NH
3
) 4 (
1 5NH
3
)c1](c104 ) 2 (0 ~4 g) was dissolved 
in 25 ml of OoJ M Hg (c104 ) 2 in 0.05 M HC104 . After 5 
min. the aquo complex which formed was precipi tated by 
adding concentrated HC104 and cooling (€ 490 = 47 . 3 in 
H2 0). 
Trans-[Co(N~) 4 (
15NH3 )Br](c104 )2 . 
Trans-[Co(NH
3
) 4 (
1 5NH
3
)oH2 ](cto4)3 was suspended in a 
KBr-HBr solution and heated on a steam bath until all 
the aquo complex was changed to bromo bromide. This 
was collected and converted to the perchlorate in the 
same way as for the chloro complex (€ 550 = 54.5 in 
10-JM HC10
4
). 
The chloro, bromo, and nitrato complexes were 
found to be free of aquopentaamminecobalt (III) ion 
by means of the cation exchange method . Bio-Rad 
Analytical Resin Dowex (H+) 50W-X2, 200-400 mesh, was 
initial nitrato nitrate, but this was removed during 
the recrystallizations. 
Base hydrolysis reactions.:.. Trans -[Co (NH3 ) 4 ( l5NH.J )Cl]-
( c104) 2, trans-[Co(NH3 ) 4 (
1 5NH3 )Br](c104 ) 2 , and trans-
[co(NH3)4(15NH3)No3](c104)2 were hydrolysed at 25° by 
dissolving the complex (0 . 3 g) in water (10 ml) and adding 
....... 
NaOH (1.0 ml, 2N)a After 5 min . the solutions were 
acidified; the aquo complex crystallised on adding 
concent rated HC104 and was collected immediately o 
In two experiments with the chloro complex 10 ml of 
2o0 N NaOH and 100 ml of 0 . 02 N NaOH were added to 
the complex solutions, O.J g / 10 ml and O.J g / 100 mlj 
respectively. In one experiment t rans -[Co(NH
3
) 4 -
(15NHJ)No3 ] (c104)2 was hydrolysed at pH 10 using a 
Radiometer pH Stat and 0 . 5 N NaOH as titranto 
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Bas e Hydrolysis in the presence of_azide ions . 
Trans-[Co(NH
3
) 4 (
1 5NH
3
)c1](c104)2 (1 . 1 g) was dissolved 
in 15 ml of dilute HC10 4 (10-J M) and added to a 
solution of NaOH (50 ml, 0.2 N) saturated with NaN
3 
0 
at 25 . After JO min. the solution was c ool ed in an 
ice bath and excess LiCl was added to precipitate the 
formed azido complex (yield 0 . 12 g) ~ The azido 
chloride was converted to the perchlorate by treating 
it with an equivalent amount of AgC104 in water o The 
AgCl was removed and the complex precipitated by adding 
excess solid Nac104 . The molar absorptivity of the 
isolated 1salt [c o(NH
3
) 4 (
1 5NH
3
)N
3
](c104 ) 2 was e 518 = 270 . 
The filtrate (ice-cold) was treated with cold 
concentrated HBr and the aquo bromide salt which 
crystallised was collected, dissolved in water and 
.... 
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adsorbed on an i on-exchange c o lU111n . Trace s o f the 
az·i do c omplex were removed by eluting with 1 M Nac10 4 
and the aquo complex was taken off' t he c o lumn with 
J M HC10 4 • The solution was taken down to a s mall 
v olu_me on a vacuum evaporator and the preci.p:ita ted 
The p.m.r. spectra of the c omplexes were 
obtained using a Perkin-Elmer R10 60-Mc/s and a 
Varian HA-100 s pectrometer. The s amples were 
d isso lved i n d 6 -dimethyl s u l phoxid e a cidi:f:ied wi. t h 
a tra ce of D2so4 (98 per cent) ( c oncentrat ion - 200 
mg/ ml )o r i.n d ilute D2so 4 s olutions ( c oncentrati.on 
,.., 100 mg/ ml ). The reference us e d in d 6 -DMS0 was 
sodi.u.m trimethylsilylpropanesu.lphona.t e o 
3 . 3. Resul_ts. 
The p.m. r . spectra of t;rans-[Co(NH
3
) 4 ( ·
15NH
3
)c1]-
( ClO 4.) 2 9 trans-[ Co (NHJ ) 4 ( 
15NHJ)NO J] ( ClO 4_) 2 9 and 
trans - [ Co (NH
3
) 4 ( ·t 5NH3 )oH2 J ( ClO 4 ) 3 measure d in d 6 -
dimethyl sulphoxide a.re given in Figure II . 2 . 
Figure II. 3 shows the p.m. r . spectra of' the same 
complexes and also of trans-[Co(NH3 ) 4 (
15NH3 )Br] (c10 4 ) 2 
measured in dilute n2so4 s olution ( 4 x 10-3 M). 
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Figure II.2 . - The 60 -Mc p . m. r . spectra of: (a) trans-[Co(NH3) 4 (
15NH
3
)Cl)(Cl0
4
)
2
; (b) trans-
(Co(NH3)4(15NH3)N03J (Cl04) 2; (c) trans-[Co(NH3) 4 (
15NH3)oH2](Cl 04) 3 in d6-DMS0 (reference sodium 
trimethylsilylpropanesulphonate 0 . 0 ppm) . 
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The 60-Mc-p. m. r . spectra of trans-[Co(NH3) 4 (
15NH3)X]n+ complexes in dilute D2
so
4 
(4 . 0 x l0 -
3
N): (a) chloro; (b) bromo; (c ) nitrate; (d ) aquo (arbitrary scale in ppm - HOD s i gnal 
'v4. 9 ppm) . 
In all i n stances the 14NH3 groups give ri s e to a 
single broad absorption whi_ch i s much sharper i.n the 
DMSO s olutions th~n in the dilu te D2so4 • 
15 The NHJ 
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group 1 however, produces a sharp doublet with a 
constant c oupling constant of 72 cps for the trans 
spec~es in both s olvent s . The doublet arise s fr om 
the c oupling of the three equivalent proton spins 
with the single spin on the 15N nucleus . Integration 
of the spectra showed a ratio of 4:1 for the broad 
singlet: doublet. These absorptions were e quat ed. t o 
the 12 cis 14N protons and three trans 15N protons 
for all four molecular ions. 
·15 In the parent chloro complex the trans - NHJ 
doublet signals occur at 3.55 and 2.35 ppm i n a.6-DMSO, 
Figure II.2A, which are equidistant from the remnant 
o f the trans- 14NH3 signal at 2.95 
the doublet almost coincides with 
ppm. One -half of 
14. 
the cis - NHJ 
a sorpti on at 3.65 ppm. It is also apparent that a 
trace of the cis - 15NHJ doublet is pres ent at 4 .• 25 and 
J.05 ppm (J 15 = 72 cps). These a ssignments can be NH 
made with c onfidence since it has been shown earlier 
( Part I, Cha pt er 3) that the trans-14NH3 and _£is- ·i 4NH3 
signals are separated by - 4J cps and that the signal 
....... 
at h :i gh f:i ..._. d (tran) c ollap s e · dur:ing d eu erati.on 
o:f the c ompl ex much faster than that due t o t h e ·i 2 
e quiva l ent protons at l ower f:ie l d. 
1 2 4 
I t i. s c lear from the s p e c tra that t h e final formation 
of the chloro c omplex from trans - [Co(NH3 ) 4 (
15NH3 )so3 Jc1 
takes plac e substantially with retent :ion o f the 
or i g1nal :iso t opic d:istri.bution. The trans -
t . 1 d 'b th H 2 + 0 d d aquop en aammi ne c omp ex was prepare y . e g -in uce . 
aquati.on of the c orresponding chloro c omplex 9 a reaction 
whi c h i s known t o occur without rear rangement o f t he 
ammoni a groups (Part I? Chapter J). It i.s als o 
·~ apparent from the s pectra of the ni.trato and a qua 
complex es (Figure II.2b 9 c) that they have the trans 
c onfigura t i on and within the instrumental err o r 
c ontain t h e s ame amount of the cis 1 s omer a s t h e 
parent chlo r o c omplex . 
In the tran s -aqua s p ectrum (Figure IIo 2c ) two 
broad absorptions o ccur at l ow field s 9 - 4. 7 and 
5 08 ppm . The s e s ignals arise fr om H2o :in the s o lven t 
and H2o on the c ompl ex 9 r e s pectively 9 and the 
r oadening ari r-:· e s f rom proton xchang be · ween the 
·wo s pe i e s c atalyzed by add:ing n+. In 11 n utral 11 
d 6 -DMS0 t h ese signals w~re s har p, and ha t due t o 
H2o in the s o l ven · occurred at higher field,.., 3.7 ppm. 
Similar observati ons apply to the spe c tra of 
the c omplex ions in the dilute D2 so 4 solutions 
(Figure II oJ) . The15NHJ doublet is sharp with 
14 J = 72 c ps, but the NHJ protons produce a very 
15NH 
broad absorption band which obscures the trace s of 
14 
trans - NHJ presento However, the traces of ci s -
15NHJ can still be observed also with a coupling 
constant of 72 cps. It is also apparent from 
Figure II.Jb that the bromopentaammine complex has 
the trans configuration. 
The p . m.r ~ spectra in d 6 -DMS0 of the aquo 
complexes derived from the base hydrolysis of the 
0 
chloro, bromo, and nitrato complexes at 25 
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(Figure II.4a-c) indicate that substantial rearrange-
ment has occurred . Two sets of doublets appear for 
the ci s - and trans-1 5NHJ groups of equal intensity 
within the experimental error. The cis doublet 
coincides with the trace of impurity doublet (J.25 and 
4.45 ppm) found in the spectrum of trans - [ Co(NH3 ) 4 -
(15NH3 )oH2] (c104)3 (Figure IIo2c) . Also t he 
absorption at 2.8 ppm due to some trans - 14NHJ has 
increased substantially in the produc ts . Bo th t he 
l5NH doublets and the J cis 
14 
and trans - NHJ absorptions 
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(CI04)3 obtained from the base hydrolysis of the trans-chloro (a,d); 
bromo (b,e); nitrato (c,f) complexes. (a-c: DMSO solutions; d-f: 
-3 D2So4 , 4 x 10 N). 
, . 
........ 
were integrated for a series of spectra f r om several 
experimen s and showed that the amounts of cis - a nd 
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Sim1lar c onclusions arise fr om the anal y s:is of 
the s p ec tra of the aquo product s in D2s o 4 (4 x 10-3 N) 
(F igure II.4d-f) although one branch of the c1s 
doublet is o bscured by the HOD signal . An attempt to 
separate these signals by moving the HOD absorpt1on 
downfield by addition of more D2s o 4 l e d to 
p recipitation of the complex in the n.m. r. tub e .. 
Although the 180 exchange in [c o(NH3 )5o H]
2
+ is 
known to be s low in dilute alkal i~J the pos s ibility 
of an intramolecular rearrangement in basic solution 
has t o be c onsidere d. To check this possibility 
trans- [C o(NH3 ) 4 (
1 5NH3 )oH2 ](010 4 ) 3 was disso lved in 
Oo 2 N NaOH for the time required f or base hydrolysis 
and then rec overed. The p.m.r. spectra before and 
after this treatment were identical, and, since the 
rate of water exchange with [c o( NH3 ) 5oH2 ]3+ is al s o 
known t o be slow in acid solution13 the stereo chemical 
rearr~ngement s obs erved mus t have taken p lace during 
the base hydrolysis reactions. Also the bas e 
hydrolysis was c arried out at four OH- concentrations, 
'• 
·1 • 0 9 0 • 2 9 0 . 0 1 M and a t pH 1 0 without any change 
in the c on e n t r ation of the cis and trans produ c t s .. 
The competi tion of species o ther than water 
f o r the intermedi ate was al s o examined .. 
15 Tra n s-[C o( NH3 ) 4 ( NH3 )c1](c10 4 ) 2 was hydrolys ed 1n 
the presen c e of .... 4 N NaN J in O. 2 N Na.OH 9 and b o th 
the aqua and. azido products we re recovered. .. The 
100-Mc/9 p.m or. s pectra of t hese species are given 
i n Figure II. 5 ( c ) and (d) together with tho se of 
the starting ma t eri al (a) and t h e unenri c hed. 
[co( NH3 ) 5N3 ] (c10 4 ) 2 (b). The signals in the s p ec trwn 
:f t h e [ Co ( NHJ ) 4 ( 
15NHJ )NJ J ( ClO 4 ) 2 product can be 
a ssigned. unequivocally by using t h e 72 c p s coupling 
c onstant between the 15NHJ proton doublet and. the 
symmetry relations hip between these signa ls and 
14 those due t o t h e r elated b r oad NHJ p r o tons. 
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App roxima tely 70 per cent r earrangement i.s indicated .. a) 
The aqua p r oduct c ont ains mo re tra ns than cis isomer 
~
in c ontra.st t o the e a rlie r results, but the experimental 
c ond.it::i.ons have a lso been a ltered markedly. 
a ) The result r eported in t h e published p aper was 
inc orr ct. 
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Figure II.5.- 100-Mc p.m . r . spectra i n d6-DMS0. (c ) and (d) are 
reaction products from the base hydrolysis of the chloro compl ex 
in the presence of NaN
3
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J o4 Di s c u s s i o~ 
T he most significant result of t hi s investi gat i on 
is tha t the amount of cis- and trans - aqua pro d u cts 
arising from the base hydro lysis i s the s ame f o r the 
chloro , bromo, and nitrato complexes . Thi s is required 
if a common intermediate is involved ., The re s u l t i s 
consistent with the common 18o/ 16o fra c t i onati on 
68 factors and with the common c ompet i t i on rat i os 
observed for anionic species and water mol ecules 
react i ng with the supposed interme d i ate . 
Whi le the interpretation of the i s ot o pe 
fr a ctionation experiments seems unequivo c al 1 the 
c omp e t i t i on experiments might also b e interp re t ed 
by an SN2CB mechanism where the ent e r i n g ani on i s 
insens i tive to the leaving group . The present result 
would also require the stereochemis t r y of the c ourse 
of the SN2 CB reaction to be independe n t o f the 
leaving group . To rationalize the thre e s ets of 
data i n terms of an SN2CB mechani sm requ ires a set 
of mult i ple c o i ncidences which seems impr obable o 
The more o bvious and satisfying explanation for the 
common r e sults from the different source s i s that 
the experi ments embody a common intermediate o The 
nature of the intermediate will be d i s c uss ed i n Chapter 
'• 
-
Chapter 4. 
Comp e tition Studies and the Stereo c hemistry f o r 
the Base Hydrolysis of Some [c o en2NH3x ]
2
+ Ions " 
4.1 Introduction. 
The 15N isotope experiments were expens:ive a nd 
the isolation of the competition products f or the 
p .. m. r. measurements was difficult. To look at t he 
problems mo re c losely with less expense and mo re 
.. 
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revealing c ompounds in terms o:f stereochemical d eta:il 
the analo gous cis and trans-[Co en2NH3x]
2+ c omplexes 
(where X = Cl, Br, No
3
) were chosen .. Thi s c h.apt e r 
records primarily the results of the base hydro lysi.s 
o f some o f t h e species in terms of the s tereo chem:istry 
of the hydroxo products, the competition values for 
the anions NJ, N0 2 , and NCS 9 and the stere ochemis try 
of the azido products. The rates o:f bas e hydrolysis 
of [Coen2NH3x]
2
+ ions (x = Cl 9 Br, No 3 ) are muc h 
larger than t hose of the corresponding azido 9 
iso thiocyanato, and nitro complexes s o that subsequent 
hydrolysi s of the c ompetit ion product is not signj.ficant .. 
Similarly the rates of isomeri s ation and/or racem~sati.on 
f or the cis and trans hydroxo and aquo c ompl exes are 
too s mall7 9,SOt o affect the analysis of the results. 
,, 
-
No dete c table rearrangement of any of the produc t s 
takes place in the time required for the experiment s o 
4. 2 Experimental Section. 
~-[ Coen2NH 3Ncs](SCN) 2 was prepared as de s c ribed 
by Werner4'Zri th molar absorptivi t ies E 490 = 220 and 
E = 1660 in 1 M KCl. 295 
Analys is. Calculated for [coc4H16N4NH3Ncs ](SCN) 2 ~ 
N, JO.J5; C, 22.67; H 9 5.16 . 
Found: N, JO.J ; C, 22.7 ; Hj 5.5. 
Trans-[Coen2NH3Ncs](SCN) 2 was prepared as d e s
c ribed 
by Werner 47 with molar absorptivi ties E 490 = 16 9 and 
c2 95 = 1590 in 1 M KCl. 
Analysis. Calculated for [coc4H16N4NH3Ncs ](scN) 2 : 
N, JO. 35; C, 22. 67; H, 5. 16 . 
Found: N , 2 9 • 9 ; C , 2 2 • 5 ; H, 5 • 4 . 
Base hydrolysis reactions •. . (+) 589- [coen2NH3c1]Br2 1 
I 
(+) 5 89-[coen2NH3Br]Br2 , (+) 589- [coen2NH3No 3 Js 2o 6 9 
tran~-[Coen2NH3c1]c:!1Cl0 4 , and tran.B-[Coen2NH3No 3 ] -
s 2o 6 were hydrolysed by dissolving the c ompl.ex (o o ·1 
mmole) i.n Nac10 4 solution (5 ml of 1 M) at 25° and 
then adding a solution of NaOH (5 ml of o.4 Min 
lJO 
-
1 M Nac10 4 ) also at 25°. Aft er 3 mi n the mi xture 
was acidifi ed with concentrated HC10 4 and the 
produc t s d e termined spectrophotometrically and 
polari metri callyo The rate constant for the ba e 
hydrolys is o f cis - [ Coen2NH3c 1]
2
+ i n 1 M Nac10 4 was 
- 1 =1 f ound spec trophotometrically to b e J.J M sec at 
25°. Base hydrolysis for cis- [C o en2NH3Br]
2 + ~ cis-
and [ ] 2+ [ ]2+ trans- _ Coen2NH3No J- and tran.s- Coen2NH3c1 
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are k.nowX9to be faster than for the cis chlor o c omplex . 
Base hydrolysi~ in the presence of added a n i ons. 
The c ompetition experiments were performed by 
dissolving the complex (0.2 mmole) in a solution of 
the sodium or potassium salt of the c ompeti ng anion? 
(5 ml of l M Na(K)Y adjusted to pH 7 with HC10 4 ) at 
25°. A s olution of NaOH (5 ml of o.4 M) in the sodium 
(potassium.) salt of the anion (1 M) at 25 ° was added 
and the mixture left for J mi n a t 25°. When the 
competing anion was NJ or SCN the solut i ons were 
neutralised with c oncentrated HCl0 49 dilut ed with 
water and adsorbed on an ion exchange c o lumn (Bio -Rad 
analy 1.cal Resin Dowex (H+) 50 W-X 9 200-400 me sh 7 
10 x 70 mm). After the complexes we.re adsorbed., the 
column wa s washed with water to remove extraneous 
ion~. When the competing anion was N0 2 the basic 
'• 
reac ·ion mi xture was ads orb ed on the c olumn i.n th 
Na f o r m9 then was hed thoroughly w:ith wa t er and 
finally a c i dif:ied w:ith dilute a cet:i c a cid . The 
[C o en2NH3Y]
2
+ complexes were separated from the 
[ ] 3+ . . c o en2NH3H2o c omplexes by elut:ing wi.th 1 M Nac10 4 
,,, ' 2 + 
at pH J =4o After the [Coen2NH3Y] c omplexes were 
eluted t h ey were readsorbed directly on a long 
c olumn ( 25 -30 cm pac ked in 1 M NaClO 4,) .o Onc e the 
[Coen2 NH3Y]
2 + c omplexes were removed from the small 
c olumn the aquo complexes were elut e d w:i.th 3M HCl 
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and absorptioh spectra and rotat:ions o f the s olut i ons 
were m a s ure d 1mmediately. The long c olumn c ontai.ni.ng 
the [ Co en2NH3Y]
2 + complexes was elut e d wi. th LM NaCl O 4 
until the~ and trane-[Coen2NH3YJ
2
+ ions were well 
separatedo The column was then washed through with 
1 M NaCl to remove c10 4- ions and the c omplexes were 
' eluted from the column with 1 M KClo Their 
absorpt i on spec tra and rotations were then r ecorded 
i mmed:ia.tely. The total cobalt c oncentration of the 
mixtures o :f ci.s and trans aquo complexe s wa. .8 
d etermi n e d by at omic absorp tion s pectros c opy n s :i.:n.g 
a Tech :ron at omic absorption. spec t rophotometer Model 
AA-4· w:i th a high int ns i ty Co lamp . The abs or•p -t:ion 
,, 
sp ctra we r e measured on a Cary 14 s p ec tropho t ometer 
and t h e rotations on a Perkin-El mer P 22 
spectropolarimeter. 
lJJ 
Each experiment, except the comp e t i t i on exp eri.ments 
-with SCN and N0 2 , was repeated at lea st five times . 
The recovery of the complexes from the i on exc h ange 
column was quantitative (100 ! 1 per cent ). 
In one experiment (+) 589-[coen2NH3c1 ] Br 2 (0. 36 x 
10-3 moles) was dissolved in a solution o f 0. 5 M NaNJ 
and 0.5 M Nac10 4 (10 ml) at 25°. A so l ut i on of 0. 5 M 
NaN J 9 0. 5 M NaClO 4 and O. 4 M NaOH ( 10 mJ.) was add e d 
and the mixture left for J min at 25°, neutrali s e d and 
adsorbed on an ion exchange column as b efore . 
In order to ensure that no base hydr o l ys is t o ok 
place with the cis and trans-[Coen2NH3N3 ]
2
+, 
[ coen2NH3Ncs]
2 +, and [coen2NH3No 2 ]
2 + p r oducts during 
the compet i tion experiments the pure c ompound s were 
dissolved i n a solution of l M Nac 10 4 a nd 0 . 2 M NaOH 
for 3 mi n a t 25° which was then n e u tra lised and 
a d s orbed on the i on exchange column. No aquo complexe s 
""' were det e c t e d on elution. To en sure that the Y ions 
do not replace the X ions direc tly t h e [C o en2NH3x ]
2
+ 
compl exe s were treated with l M Na(K)Y at p H 5 f or 
,, 
--
1J4 
J mino The solutions were a d sorbed on the ion 
exchange c olumn which was then washed thoroughly with 
water. The adsorbed complexes were hydrolysed on the 
column with 0.2 M NaOH, acidified with acetic acid, 
and eluted with l M Nac10 4 • No [Coen2NH3YJ
2
+ complexes 
were detected. Aiso it was establ ished that the 
formed aquo c omplexes do not exc hange H2o with Cl in 
J M HCl in the time required for eluting and measuring 
the absorption and rotation of the complexes. 
The hydroxo complex (l mmole) was treated with 
NaNJ (50 ml 1 l M) for J min and the solution adsorbed 
on the column. Elution with l M NaC10 4 did not show 
any azido product. 
4.J Results. 
The r e sults from the base hydrolysis reactions 
of (+) 5 8 9 - [coen2NH3x]
2
+ (X = Cl, Br, No 3 ) and trans-
[ Coen2NH3x]2+ (X = Cl, No 3 ) in l M Nac10 4 are give n 
in Table II.7. The results from base hydrolysis in 
the presence of added anions are given in Table II~8. 
The experimental error for each of the aquo products 
+ . is - 2 per cent , for the azido, is o thiocyanato, and 
nitro products t 1 per cent. 
TABLE II,,7. 
The . s tereochemistry of the products from the base hydrolysis of 
[ coen2NH3xJ
2 + ions in 0.2 M NaOH and l M Na c10 4 at 25°. 
=-==a= 
Complex I Products 
~=-==-= 
[ c o en2NH3oH2 ]3+ 
% trans % DL-cis %D-cis 
---
~---
(+) 589- [ coen2NHJC1]Br2 22 JO 48 
(+) 589- [ coen2NH3Br]Br2 I 23 33 44 
(+) 589- [c o en 2NH3No 3 Js2o 6 I 23 JO 47 
tran5- [Coen 2NHJCl]C1Cl0 4 I 36 64 
trans=[Coen2NH3No 3 Js 2o 6 I 37 63 
=====~---===-=,c=:.:z::::z=t::::-=::::= ~~,-====--=' 
: 
1---' 
w 
Vt 
TABLE II . 8. 
Competition values and the stereochemistry of the products from the 
base hydrolysis of [coen2Ntt3xJ
2 + ions in 0.2 M NaOH and l Manion Y at 25°~ 
Complex Products 
[coen2Ntt3ott2 ]3 + [coen2NH3Y]
2 + 
% trans %DL-cis %D-cis %trans %DL-cis %D-cis 
- --
Y=N; (0.5 M) (+) 589- [coen2NH3cl ]Br2 19 27 40 4 4 6 
(l M) (+) 589- [ coen2NH3Cl]Br2 17 23 36 7 8 9 
(+) 5 89 - [ coen2NH3Br]Br2 17 25 34 7 9 8 
(+) 589-[coen2NH3No 3 ]s2o 6 17 22 35 8 9 9 
trans-[Coen2Ntt3cl]ClCl0 4 27 49 8 16 
trans-[Coen2NH3No 3 Js 2o 6 27 48 9 16 
Y=SCN- ( l M) (+) 589-[co en2NH3cl]Br2 20 31 38 4 7 
(+) 589- [coen2NH3No 3 Js 2o 6 20 29 40 4 7 
trans-[Coen2NH3cl]ClClo 4 32 57 5 6 
trans-[Coen2NH3No 3 Js 2o 6 32 57 5 6 
Y=NO-2 (l M) cis-[Coen2Ntt3cl]Br2 89 11 
cis-[Coen2NH3Br]Br2 88 12 
cis-[Coen2NH3No 3 Js 2o 6 88 12 
Thes e results show that withi.n the experimen tal 
error~ 
1 . The stereochemistry of the aquo produc t s :from 
t h e reac t i ons where no competition takes place 
( i n 1 M Nac10 4 } is different for ci.s and ·:rans 
reactan ts but is independent of the leav~ing 
group within each of these s erie o f reac tant s 
( Table II. 7). 
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2 . When a~ded anions Y- (Y- = N; 9 SCN- 9 No;) are 
p resent c ompetition takes place and the 
c ompetition ratio [coen2NH3Y]
2+/[Coen2NH3o H ]
2 +[y-J 
is i nde pendent of the leaving group for both CJ,S 
and trans react an ts for each c ompeti,ng ani. ono 
Mo reove r the competition ratio is ind ependent of 
t h e anion concentration as found f o r the 
[C (NH3 ) 5x]
2
+ complexes (Table II . 8)e 
J . The stereochemistry of the aquo p r oducts from 
the c ompetition experiments is c on s tant f or 
ach adde d anion within each series of c omple:.._e. 
and the same relative distribution of p r oduc t 
is me rs is obs erved as from the reactions in 
l M NaClo 4 (Tables II.7 and II.8}. 
I 
4. The stereo chemistry of the product s containing 
the competing anion, [coen2NH3Y ]
2
+, is constant 
f 'or each competing anion within each series of 
reactants but is different from that of the a~uo 
products (Table II.8). 
5. Hydrolysis of the substr~te followed by the 
addition of NJ io;n did no t g i ve any azido 
c omplex . This result is in agreement with the 
80 known slow rate of exchange of OH in t he 
complex with solvent. 
In 1 M azide ions 25 ± 1 per cent az ido p ro duc t s 
were f o rme d from the cis chloro, bromo, and nitrato 
complexes and 24 ! 1 per cent from the trans chloro 
and nitrato complexes. When 1 M SCN was used as the 
1J7 
competing anion 11 ± 1 per cent o f [coen2NH3Ncs]
2 + 
products were formed from the trans as well as the cis 
reactants. Because of experimental difficulties in 
d etermining the trans/cis ratio of the [C oen2NH3Ncs]
2
+ 
complexe s, due to their lower molar absorptiviti es 
and the s mall amount formed, the results obtai n ed are 
not as accurate as those for the azido products. 
Furthermore it was not possible to measure accurately 
the rotations of the cis complex in the dilut e s olution 
,, 
' 
1J8 
c a l lee e d from the column. Only the to ta_ amount s 
of c i. - [C oen2NH3Ncs]
2
+ are given i n the t a , le e 
The experimental difficultie s were even greater 
wi: h the ye llow ni tro complexes and after o· servi.ng 
that 11 t 1 p er cent [coen2NH3No 2 ]
2
+ c omplexe s were 
f o r med fr om base hydro,lysis of the ci s c h l or o 9 bromo 1 
- . 
and nitrato c omplexes · in the pres en c e o f 1 M NO ions 2 
no further experiments were done with thi s ani on. 
The st reochemical course of the bas e hyd r olysi.s 
reac tions o f the chloro, bromo, and nitrato c omplexe s 
wi thout added anions have been repo rted befo re at 
o ther ionic strengths?9 They a re r epeated here in 
1 M NaClo 4 in order to compare the result s wi th t ho s e 
obtained in the competition experiment s . Within the 
experimental error the relative d istribution o f aqua 
i s omers was found to be the s ame in the two type s of 
reaction s . The mola~ abs6rptivit ies of the a cid ified 
reaction mixtures were approximately the s ame a s tho se 
report d by Nyholm and Tobe79 but the d i. s tri.bution o f 
isomers differ ed because t he mo lar abs o r p tivi ti.e s o f 
the cis !I and traJJ.s aqua complexes were f ound t o be 
s lightly different from the previous values. Al s o 
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and thi s salt had a differen t [ M]~~ 9 from the v alue 
used by Nyholm and Tobe? 9 name l y that estimated by 
Mat h ieu~ 1 Th e RD curve of (-) 589- [co e n2NH3H20 ]Br3 . H2o 
was f ound to be markedly dep endent on the aci.dity of 
the s o l u tion (see Figure I.11). 
The i nterrelation betwe e n the c onfigurations o f 
{+) 5 89 - [c o en 2NH3c1]
2
+, (+) 589 - [ co en 2NHJ Br]
2 + and 
(+) 589 - [c o en 2NH3H2o]
3 + has b e en evaluated in different 
ways wi th c ommon agreement--? 4 ,SS Namely 9 the i ons have 
t h e D c onf i gur ation related to t hat o f the 
D-(+) 589 - [ coen3 ]
3 + ion. 82 Simi larly the rotatory 
di s persion curve (Fig.I.11) and the aquation o f 
(-) 58 9 - [ co·en2NHJNJ]
2
+ to (-) 589 - [ coen2NHJOH2 ]3+ with 
f ull ret ention of activity requir e s this i on t o have 
t h e L c onfiguration. 
The ab s orption spectra of the cis and trans-
[ Co en 2NH3Y]2 + complex ions we r e similar (Figure Ie9) 
s o i t was ne c e s sary to separate the is omers to obtain 
an accurate r a t io. This was acc ompl ish e d using a long 
i on exchange co l umn. The bes t re s ult s were obtained 
with the i n tens ely co l oured azido complexes ( s .... J OO) a 
S om e d ifficulty was e x perienced in detecting the 
sep aration of . the c is and t rans-[C o en2NH3Ncs ]
2
+ and 
'• 
[ Co en 2 H3No2 ]
2
+ i ons and the e experiments were no t 
p ursued t the s ame length as for the azid.o sy. t emo 
Similarly an attempt to separat e the cis and t r ans 
hydroxoammino ions was only partly suc c es , · u l .. I n 
two experiments 20 per cent and 25 p er c ent tran s 
hydrox o c omplex were obtained while the s pec tro s c opic 
analysis of the mixture gave 22 per cent tran ' o 
The lack of reproduc ibili ty for thi s ion e:xchange ,.._, 
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experim nt also arose from 0 the poor separation of the 
cis and trans hydroxo ions on the c olumn~ 
4e4. Discussion. 
The c onstant stereochemistry observed. f o r t h e 
p r oducts from the base hydrolysi s o f D-c i s -[ Coen2NH3x]
2
+ 
(X = Cl, Br, No 3 ) and also of trans - [C oen2NH3x]
2
+ 
(X - Cl 9 No 3 ) ions, (Table II.7) support s the 
conclusions of the previous studies on the analogous 
15 trans- NH3 - pentaamm
ine ions. The results a re best 
rational:is e d. i.n terms of an SNlCB mechan:ism which 
requires a conun.on intermediate or set o:f :intermediat es 
for the d iffe rent substrates. In addit i on e ·find the 
s ame c ompe tition value with the d ifferent subs trates 
f or an ani on in solution during base hydrolysis 
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(Table IIo8)o For 1 M az i de ion 25 ! l per cent o f 
the azido p r oduct was observed after hydrolys is of 
the ci. s chlor o 9 bromo 9 and nitrato c omplexes o 
Simi lar observations were also made f or the trans 
ch.loro and n itrato ions hydrolysed under the same 
c onditions ( 24 per cent and 25 p er cent) a nd f or the 
c is and trans complexes hydrolysed in the p resence 
of 1 M NCS (11 per cent) and 1 M N0 2 - (11 per cent) 
i ons. Both the competition and stereochemi c al resu lts 
are consistent with the results found for the 
penta~inecobalt(III) ions. There is now a separate 
source of detailed information concerning the common 
characteristics of the reactions of the different 
s ubstrates, namely the stereochemistry of the 
competition products. These results are presented in 
Table II. 8. Clearly the amounts of trans? racemate and 
D isomers are constant for the azido products fr om all 
three D-c is reactants within the experimental error. 
Also the trans substrates give a similar agre ement 
along with the cis and trans isothiocy anato c ompetition 
products. 
In he sununary then the data fr om this study? the 
constant stere ochemistry of' the a quo products, the 
,, 
c onstant c ompetition values and the c ons tan t 
s .reo h emis try of the c ompetition p r odu c t s al l 
s uppor _; the pres enc e of a common i nt e rm e d iate or 
of c ommon ·intermediates in the reac t i ono 
It woul d have been desirable to ext e nd t he 
n umb e r and natur e of leaving as well a s c ompetin g 
anions 9 but unfortunately thi s has prove d d iffi cul to 
The c omplexes to be hydrolysed must have a fai r ly 
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large bas e hydrolysis rate in orde r to av o i d s ubsequen t 
de c ompo s ition of the hydroxo products 1n the bas i c 
solutiono Furthermore there mus t b e a s u f f i c ien t ly 
large difference in the base hydrolysis ra es :for t h e 
reactants and the competition produc t s to avo i d 
hydrolysis of the latter in the time r equi.r e d f' or t he 
a s hydr olysis of the reactants to be c ompl eted. 
How ver 9 the r esults reported h ere lend c on sid e rable 
s upp r t to an SNl CB mechani sm fo r t h e p entaam.mine a s 
wel l a s · :h r elated am:inobis ( e thyl en e d.iam:ine) series 
wi. ·h la: ·".l e leaving groups such as I ~ Cl 9 Br 9 a nd No 3 • 
i n.ally ano her recent experiment h a s p r ovid ed 
mor e vid. en c f or the con j uga t e b a se mechanism9 nam ly 9 
8J 
t h e b ase hydr olysi s of trans-[Co c yc l amC1 2 ]+ ,, The 
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d ifference between p r oton excha nge and base hydro lys i s 
ra te s i s small for this complex , and it i s shown b y 
que n c h i n g the base h y drolys i s r eacti on when c a o JO% 
of t rans -[Co(d4 - cyclam)c12 ]+ had r e acted that whi le 
only ca . 20% deuterium had exchange d i n the unreac t ed 
substrate, ca. 40% had exchanged in the r eaction 
product . A similar result was obtai ned fo r the 
trans-[CocyclamBr2 ]+ complex . The extra excha n g e in 
the product i s cons i stent with a c onjugate base 
mechanism while there should be no c onnecti on between 
base h y drolysis and proton exchange i n an SN2 
me c hani sm . 
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Chapter 5 . 
The Nature of the Intermediat e i n the Base Hydrolysis 
Reactions. 
5.1. Experimental Section. 
Proton exchange studies of~ and trans ~[ Coen2NH3ci]
2
+. 
Eac h of the c omplexes cis-[Coen2NH3c1Jc12 and trans -
[C o en2NH3c1]c1c104 (0.75 g) ~ 5 - di ss olved in a NaOA c -
DOAc buffer (0.2 M, 7 ml) at pD = 5 .1 3~ 25 °0 Samples 
taken at different times t were quenched with 
concentrated D2so4 and the p.m.r. s p ectra of the 
reaction mixtures were recorded on a Var:ian HA~100 
spectrometer . 
5 . 2 .Results. 
The p.m.r. spectra of the undeuterat e d cis and 
trans-[C o en2NH3c1]
2 + complexes measured in · he acid ified. 
reac tion mixtures are shown in Figures II .6 and II. 7 . 
The f ur H abs orptions in the c1s sp ctru_m i ntegrated 
as a:b~c~d = 4:2:2:J. These absorp tion s wer equa ed 
to (a) f our N protons from the two NH2 groups trans to 
each other, (b) two N protons from the NH2 group trans 
o NHJ and/or two N protons from the NH2 group tran.s 
to Cl, and ( c) three N protons from the NHJ group. 
(a) ( b) (c) (d) 
Figure II . 6.- The 100 -Mc p.m.r . spectrum of cis-[Coen2NH3Cl]Cl 2 
(arbitrary scale in ppm). 
(a) 
Figure II.7.- The 100-Mc p.m . r . spectrum of t r ans-[Coen2NH3ciJ-
ClC104 (arbitrary scale in ppm). 
The two NH absorptions in the trans spectr~m 
i ntegrated as a:b = 8~3 and were equated to (a) eight 
N p r otons fr om the four NH2 groups and (b) three N 
p r otons from the NH
3 
group. 
F igure II.8 shows the p.m. r . s p e tru_m of the c1s 
complex after complete deuteration o f suppo s edly the 
trans NH2 group? and Figure IIo9 shows the s p ectrcun 
of t he trans complex after deuteration o f the NHJ group. 
Plot s of log .of areas of the absorptions against 
time gave straight lines. The calcul ated f1rst and 
se c ond order rate c onstants are shown in Table II.9. 
The rate c onstants were calculat e d u sing the emp iric al 
formula pD •pH+ o.4~4 , 85K = l.4 x 10- 14at µ = 1 .2, 
w 
0 
- 15 87 25 and K_ = 0.195 K = 2.7 x 10 • 
--n
2
o w 
TABLE II.9 
P r oton exchange rates for cis a nd trans=[Co e n 2NH3ci]
2
+ 
in O. 2 M NaOAc-DOAc buffer, pD = 5. 13 9 25°,, 
kl 
-l -1 -1 Complex Absorp tion sec ; K2M sec 
cis-[Coen2NH3c1]c12 ( a) 2 NH2 6. 2 X 
10-B 1.7 X 10-4 
(b) l NH2 1 . 3 X 10-5 3.5 X 10
4 
( C) l NH2 1 • 4 X 10-3 3. 7 X 10 
6 
( d) NH
3 1 • 3 X 
10-5 2 . 5 X 104 
trans-[Coen2NH3c1Jc1c10 4 ( a) 4 NH2 6. 4 X 10-
6 1 • 6 X 10 4 
( b) NHJ 1 • 7 X 10-3 4 .• 2 X 10 6 
- - - -
(a) (b) (d) 
Figure II . 8 . - The 100-Mc p.m . r . spectrum of partly deuterated 
cis-[Coen2NH3c1Jc1 2 (arbitrary scale in ppm) . 
(a) 
Figure II . 9 . - The 100-Mc p .m. r . spectrum of partly deuterated 
trans-[Coen2NH3Cl]ClCl04 (arbitrary scale in ppm) . 
,, 
5 .. _3 i.ono 
There has been c onsiderable s p ecula ti.on about 
the stereo chemistry of t he suppo sed i.n termed.iate i.n 
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the base hyd r olysi.s re a c tion either a as ·uare pyrami.d 
o r a tri. gonal bipyrami d (Figure II. '] 0 ) ~ The latter 
has been favoured 15 because of i .t s ab:ility to be 
s tabil i z e d thr ough pn-dn b ond f o rmed betwe en the lone 
pair on t he amid.a group and t he vacated d. o rb:ital on 
the me t a l i on in the trigonal p lane " It has been 
c l aimed that f or the square pyramid the opportunj _ ty 
for the 1T stabilization is less since the me tal i on 
orbitals po ssess ing the correct s ymme try to overlap 
wi.th the p orbi.tal on the p.mido group a.re fil led. .. 
I t would be expect ed that the square pyrami d would 
lead largely t o retenti.on o f the original isotop ic 
. [ ( ) ( 15 ) ]2+ d istribution in the Co NHJ 4 NHJ X complexes 
by attack of t h e incoming group at the vacated. 
c oo r dinat i on si te 9 although s ome attack of the 
nucleophilic reagent mi.ght o ccu r at ··he v9collarv1 of' 
the d 2 orbital above the square p _ane lead i ng o z 
s ome r e arrangement . 
In -the trigonal bipyrami d 9 s ubstantial 
rea:r:ra:ngem. n t would be expect d :from ·he attack at: 
' • 
r 
NH2 
H N- - -1 - - - -N H 
3 ......... c ~/ 3 
I O I 
I I 
I I I " I 
' I I 
~N- - - - - - - - N ~ 
7Ha 
H3N, 
/ \ I', 
//Co==_' __ ,
~NL- - - -- :'=NH2 
NH3 
Fi gure II.10.- Possible five - coordinate i ntermedi ates in the base hydrolys is of 
[Co(NH3) 5xJ
2
+ complex i ons . 
the three si.de s of the trigonal p lan e o The attack 
need not be statistically dispo sed s~nce the 
b i.p yramid i.s not symmetrical unless the ami.d.o group 
rearranges rapidly ~ompared with the coordination of 
H 2o. Such a r e arrangement of the ami.do group must be 
gove r ned by the rate of proton release from the other 
a mmonia groups c oordinated if the amido grou p is 
stabilized only in the trigonal plane. It 1S 
difficult to assess this rate fo r the intermediate 
but using the [co( NH
3
)
5
xJ 2 + complexe s of the same 
charge as models 9 the rates of pro t on exchange are 
. 72 
in the v ~cinity of 107 M-1 sec-1 • If th1s value is 
a s sumed. to be not greatly d ifferent from that f o r 
the int e rmediate and the rate of reac tion of the 
10 -l int e rmedi.ate is largely diffusion c ont r o lled 9 - 10 sec 
then i t wnul d seem that the amido gr oup would n .bt have 
time to rearrange before the intermediate reacted. 
Some support .for this possibility m1ght be adduced 
from the fac t that there is no change ~n stereochemistry 
for the hydrolysis of the [co(NH
3 ) 4 (
15NH3 )x] 2 + c omplexes 
in the r ange ,o-4 - l.O MOH-, which extends the rate 
10 7 10 constant d.if'f'erences quoted above from 10 ~ 10 t o 10 : 
3 -l 10 sec • 
' • 
Furthe r more , i.t has been obs e r red (P a rt I 9 
Chap t r 3 and ref. 41 ) that the trans ammon:ia group 
e_changes its p r o t ons faster than the ci.s groups 
in [c o(NH3 ) 5x ]
2 + c omplexes and it seems li.kely that 
this rate d ifference also reflects the acidity of 
the trans over the cis NHJ groups . It there:fore 
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seems possible that the amido group is f ormed trans 
to the leaving group and that this arrangement is 
p reserved f or t he short lifetime of the interm di.ate. 
If the argument relating to H-D exchange and the 
absence of amido group rearrangement is accepted 9 and 
i.f the 
-NH 2 group is in the trigonal p lane? then 
proton l oss fr om an NH:3 group whi ·ch was cis t o the 
original substituent is eliminated by the resultso 
A trigonal bi.pyramid of the form 
C. 
would give e qual amounts of ci.s and trans produc ts 
by the equivalent paths a and b 9 and the additi.onal 
produc t by pa th c must add to the c:i s f 'o r m .. 
If the argument relati.ng to H-D xchange and 
ami.d.o group rearrangement i.s not a ccep t e d 9 then t he 
15N atom is di s posed about all five po sit:ions 
equival e n tly and the stati.stical d :istri.bu.ti.on of the 
ent e ri.ng group i.s 4:1, cis:trans .. Clearly the results 
do not support thi.s proposal ei.ther. 
The equal amounts of ci.s and trans p roduct s 
f ormed s how that the ad.di ti.on of water i.n the tr:i gonal 
p lane is not statistical and that attack at the si.te 
trans to the isotope is slightly preferred. The 
result that -70 per cent rearrangement took p lace i n 
the az i do ·produc t can be accommodated by an 
approx:ima tely sta ti.stical add.i t i.on of N3 t o · the edges 
of the tr1 gonal plane provided. the ·t 5N label rema:ins 
i n the tri gonal plane. A possibility :is that a square 
pyrami d. is produced ini.ti.ally. This ~nterme d.i.ate c ould 
then react with the species in s olution t o g:ive 
' ret ention of c onfigurati.on and al s o rearr ange 
competitively to gi.ve finally the is omeric product .. 
Su.ch a c ompeti ti.ve process could a ccount f o r the 
1 50 
r ear rangements o f the azido a s well as o f the hydrox o 
products from the [ co(NH3 ) 4 (
15NH
3
)x] 2 + complexe s , but 
l [ ] 2+ it is exc u d e d for the Coen2NH3x substrateso 
Sin c e NJ is a better competitor than wat er ( ..... 20 times ) 
one s ho u ld s ee a proportional increase in the amount 
of the D-_£1:§, product in going from 0. 5 to lo O M NJ 
relat ive t o the racemic produc t. 
not observed (Table II.8). 
Cl early t h is 1 s 
The r e sults can be explained by invoking two 
t r i gonal bipy ramidal intermediat es f o r the cis and on e 
fo r the trans substrate15, 88 Th e se are dep1cted in 
Figure II .11. Intermediate A reac ts to give D + tran s 
and B r eac ts to give D + L, not ne ce s sarily in equal 
amounts. (In reference 88 the intermediate A i s that 
which leads to the mi rror image o f the cis reactant, 
othe r wi_se the f i gure is reproduced unaltered). To 
f i t the exis t i ng data A shoul d be f o rmed to the extent 
of 6 1 p er cent and B to 39 per cento A then reacts t o 
36 p er c ent trans and 64 per cent cis producto In 
c ompetition wi t h azide i on A is seen to g i ve t h e same 
t o t a l cis and t rans distr i bution within the 
e xperi ment al e rror, 37 per cent trans and 63 per cent 
c is p r oducts . Th e amount of t he intermediate A is 
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computed for c is reactants from the trans produc t 
which can only arise from A. Then the op tically active 
intermediate B must yield largely rac emate ( 16 per 
cent L 9 20 per cent D) to a ccount for the p r oduc t 
is omer d is tribution. 
A problem which arises in thi s analy sis of the 
data is the proton exchange rate relative to the 
life-time of the intermediate. For example B would 
be s ymmetrical if the former was fast relative to its 
reactivity. The studies on the trans - [ Co(NH3 ) 4 (
15NH3 )-
x] 2+ species suggested that proton exchange was slow 
for the intermediate relative to it s r e activi ty since 
the ammonia groups did not become equivalent. 
therefore be assumed that the deprotonated five 
I t may 
coordinate intermediate preserves the imide group for 
it s lifetimeo The concentrations o f the deprotonated 
reactants are thereby determined by the relative 
a cid ities o f the various type s of NH groups o At the 
moment the s e have not been measured be c ause hey appear 
mo s t ly to have pK s > 14. 
. a 
However, s ome ideas of the 
relative acidity can be gauged from the i r exchange 
rate. Studies of proton exchanges in c is,-[Coen2NH3c1]
2
+ 
sugg st that the NH protons opposi t e the substituent 
-f;; fhe.- -/?-,?uz~ CtJJ>z;d~y VlltJt.J/a/ reft1/re f77e..- tlm/J?on/4- /a be ~_,)roh~c/. 
are t he mo s t reac tive. It i s known :f r om the 
[ Co (NH3 ) 5x ]
2+ s eries that the NHJ grou p t:ran.s t o X 
e x c hanges protons much faster than t he cis gr oup s 9 
and it s e em " likely that a simi lar pat t e r n i s 
followed in the cis-[Coen2NH3c1]
2 + c omplex 9 a nd 
that abs orption (c) originates f r om the NH2 grou p 
t r ans to Cl . The NH2 group cis to Cl and the NHJ 
gr oup the n exc hanges protons at a rat e whi his 
.... 100 times less than for the trans NH2 grou p 1 a nd 
the two NH2 groups trq.11.s to each o t h er f ollow a t a 
rate whi ch is .... 200 times less. In the t r a n s -
[coen2NH3c1]
2
+ complex the NHJ group trans t o Cl 
exchanges protons at a rate whic h i s .... 2 50 times 
larger than that for the NH2 group s . There app e a rs 
t o be no distinction between the N p r otons c i s t o 
t he s u bst1 tuent and those cis t o t h e arnn1onia . 
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Thi~ suggests that the intermediat es A + B ·are t h os e 
mo s t l 1k ely t o be generated from the d ep r o t onated c is 
i s ome r of h i ghest concentration if the d ep r o t on a ted 
forms have quivalent reactivit i e s . Howev er 9 t he 
(.t:d 'Y/Jt.)S/!-e) 
s ame a r gument appli.ed J.__in the p r ogen itor f o r t h e 
int rmed 1 a t e. The implication is t h en tha t ei ther 
this spec1es is very slow to r eac t relat i ve t o the 
progenitor of A or that intermediate A is not 
f o.rmed and a separate intermediate is required from 
the trans substrate. The relative reactivity of the 
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various forms of deprotonated reactants is not known, 
but it seems unlikely that the deprotonated NH2 group 
in the trans c omplex is unreactive. This proposal is 
supported by the results for the pentaammine c omplexes 
where it is evident that the group trans to the 
substituent loses a proton to give the reactive species. 
This argument requires an alternative intermediate 
derived from the trans complex 9 where the ammonia 
group is deprotonated. These last considerations 
imply that only one of the deprotonated reactants 
leads to the five coordinate species. 
One possibility which should be dis cussed is 
that from the D-cis isomer the trigonal bipyramidal 
intermediate A (Figure II.11) is produced which then 
undergoes pseudorotation8 9and competes for th·e 
nucleophiles in solution. Pseudorotation leads to 
the inverted form of the same intermediate provided the 
process is restricted to the motion which always leaves 
the ch late rings spanning an apical atom and an atom in 
the trigonal plane, An intermediate where a chelate 
Trans A 
(.5) 
NH3 
/~(3) 
X----f.o NH2 
\ LI .. ,( I (4) (l) H._iN 
~Hi (2) 
-x-
0-cis 
8 
Figure II.11.- Possible trigonal b ipyramidal i ntermedi ates f or 
the base hydrolysis of D-cis- and trans-[C oen 2NH3xJ
2
+ ions88 . 
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spans two atoms in the trigonal plane :is c on.::J:i.dered 
l ess 90 stable on the grounds that the chelate now 
extends 0 -120 at the metal center ins tead of the 
0 
normal angle for the stable chelate .... 90 • Such an 
intermediate should be considerably stra.~ned and 
s hould be much less stable than the f avoured structure 
vt 
This possibility of competitive pseudo7'ation to 
give racemic product can be eliminat e d by the same 
reasons as used for t4e elimination of the initial 
formation of a square pyramid which then might 
rearrange competitively (page ,150). 
If the argument is accepted concerning the lack 
of stability of the trigonal bipyramidal intermediate 
where the chelate ring spans one edge of the 
trigonal plane 9 then intermediate B bec omes les s t 
likely. In this context it is al s o noted that five 
coordinate chelate complexes whose structures are 
known are either of the form Figure II.llA or square 
pyramidal .9 1 
An alternative to the intermedi ates in Figure 
II.11 a.rises if the cis and trans i somers deprotonate 
-
at the position trans to the leaving group and give 
NH3 NH2 
'/ \ I • • H2N- - - - - - - - - - - - NH 2 
A B 
Figure I I . 12.- Possible five - coordinate i ntermedi ates f or the base hydrolysis of 
(A) D-cis- and (B) trans-[Coen2NH3x]
2
+ ions. 
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the square pyramidal intermediates shown in 
Figure II.12 A and B, respectively . The intermediates 
can account for the observed results provided reaction 
can occur above and below the plane of the chelated 
atoms . It is possible that both species may be 
stabilised by overlap of the filled p orbital on 
the deprotonated N center wit~ the vacated orbital 
on cobalt~ However, the degree of TI stabilization of 
these species relative to that for the trigonal 
bipyramidal species is not yet clear. 
--------- - -- ------, 
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